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1

PRESSURE SENSOR AND ELECTRONIC
DEVICE COMPRISING A PRESSURE
SENSOR

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s based upon and claims the benefit of
priority from Japanese Patent Application No. 2016-164084,
filed on Aug. 24, 2016; the enftire contents of which are
incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a sensor
and an electronic device.

BACKGROUND

There 1s a sensor such as a pressure sensor or the like that
converts pressure applied from the outside into an electrical
signal. It 1s desirable to increase the sensing precision of the
SENnsor.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A to FIG. 1D are schematic views illustrating a
sensor according to a first embodiment;
FIG. 2 1s a graph illustrating the characteristics of the

sensor according to the first embodiment;

FIG. 3A to FIG. 3C are schematic views illustrating
operations of the sensor according to the first embodiment;

FIG. 4A to FI1G. 4C are schematic views illustrating other
operations of the sensor according to the first embodiment;

FIG. 5A to FIG. 5C are schematic plan views 1illustrating
other sensors according to the first embodiment;

FIG. 6A to FIG. 6C are schematic views illustrating
another sensor according to the first embodiment;

FIG. 7A to FIG. 7E are schematic views illustrating the
operations of the other sensor according to the first embodi-
ment;

FIG. 8 1s a schematic view illustrating another sensor
according to the first embodiment;

FIG. 9A to FIG. 9F are schematic cross-sectional views
illustrating other sensors according to the first embodiment;

FIG. 10A to FIG. 10C are schematic views illustrating a
portion ol another sensor according to the first embodiment;

FIG. 11 1s a schematic cross-sectional view illustrating a
portion ol another sensor according to the first embodiment;

FIG. 12A to FIG. 12E are schematic cross-sectional views
illustrating portions of the sensor according to the first
embodiment;

FIG. 13A to FIG. 13C are schematic views 1illustrating a
sensor according to a second embodiment;

FIG. 14A and FIG. 14B are schematic views 1llustrating,
operations of the sensor according to the second embodi-
ment;

FIG. 15 1s a schematic view illustrating another sensor
according to the second embodiment;

FIG. 16A to FIG. 16C are schematic views illustrating
another sensor according to the second embodiment;

FIG. 17A and FIG. 17B are schematic cross-sectional
views 1llustrating other sensors according to the second
embodiment;

FIG. 18 1s a schematic perspective view 1illustrating
another sensor according to the second embodiment;
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FIG. 19 1s a flowchart illustrating the method for manu-
facturing the sensor according to the third embodiment;

FIG. 20 1s a flowchart illustrating another method for
manufacturing the sensor according to the third embodi-
ment;

FIG. 21 1s a schematic perspective view 1llustrating a
portion of the sensor according to the embodiment;

FIG. 22 1s a schematic perspective view illustrating a
portion ol another sensor according to the embodiment;

FIG. 23 1s a schematic perspective view illustrating a
portion of another sensor according to the embodiment;

FIG. 24 1s a schematic perspective view 1llustrating a
portion of another sensor according to the embodiment;

FIG. 25 1s a schematic perspective view 1llustrating a
portion ol another sensor according to the embodiment;

FIG. 26 1s a schematic perspective view 1llustrating a
portion ol another sensor according to the embodiment;

FIG. 27 1s a schematic perspective view 1llustrating a
portion ol another sensor according to the embodiment;

FIG. 28A to FIG. 28C ere schematic views 1llustrating a
sensor according to a fourth embodiment;

FIG. 29 1s a schematic view illustrating a sensor according,
to the fourth embodiment;

FIG. 30 1s a schematic view illustrating a sensor according,
to the fourth embodiment;

FIG. 31 1s a schematic view illustrating a sensor according
to the fourth embodiment;

FIG. 32 1s a schematic view illustrating an electronic

device according to a fifth embodiment;
FIG. 33A and FIG. 33B are schematic cross-sectional
views 1llustrating the electronic device according to the fifth

embodiment;

FIG. 34A and FIG. 34B are schematic views illustrating
another electronic device according to the fifth embodiment;
and

FIG. 35 1s a schematic view 1llustrating another electronic
device according to the fifth embodiment.

DETAILED DESCRIPTION

According to one embodiment, a sensor includes a first
film, a first sensor portion, and a first element portion. The
first film 1s deformable. The first sensor portion 1s provided
at the first film. The first sensor portion includes a first
magnetic layer, a second magnetic layer provided between
the first film and the first magnetic layer, and a {first inter-
mediate layer provided between the first magnetic layer and
the second magnetic layer. The first element portion imncludes
a first piezoelectric layer fixed to the first film.

According to another embodiment, a sensor includes a
first film, a first opposing film, a first sensor portion, a first
film electrode, and a first opposing film. The first film 1s
deformable. The first sensor portion 1s provided at the first
film. The first sensor portion includes a first magnetic layer,
a second magnetic layer provided between the first film and
the first magnetic layer, and a first intermediate layer pro-
vided between the first magnetic layer and the second
magnetic layer. The first film electrode 1s connected to the
first film. The first opposing film electrode 1s connected to
the first opposing film. The first opposing film includes a
portion separated from the first film 1n a first direction. The
first direction connects the first film and the first sensor
portion.

Various embodiments will be described herematter with
reference to the accompanying drawings.

The drawings are schematic and conceptual, and the
relationships between the thickness and width of portions,
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the proportions of sizes among portions, etc., are not nec-
essarily the same as the actual values thereof. Further, the
dimensions and proportions may be illustrated differently
among drawings, even for 1dentical portions.

In the specification and drawings, components similar to
those described or 1llustrated 1n a drawing thereinabove are
marked with like reference numerals, and a detailed descrip-
tion 1s omitted as appropriate.

First Embodiment

FIG. 1A to FIG. 1D are schematic views illustrating a
sensor according to a first embodiment.

FIG. 1A 1s a perspective view. FIG. 1B 1s a plan view

showing a portion of the sensor when viewed along arrow
AR of FIG. 1A. FIG. 1C 1s a line A1-A2 cross-sectional view

of FIG. 1A and FIG. 1B. FIG. 1D 1s a line B1-B2 cross-
sectional view of FIG. 1B.
As shown in FIG. 1A and FIG. 1B, the sensor 110

according to the embodiment 1includes a first film 71, a first
sensor portion 51, and a first element portion 41. The sensor
110 1s, for example, a pressure sensor.

The first film 71 1s deformable. For example, the first film
71 1s supported by a support portion 70s. For example, a
recess 70/ 1s formed 1n a portion of the substrate used to
form the first film 71 and the support portion 70s. The thin
portion of the substrate 1s used to form the first film 71. The
thick portion of the substrate 1s used to form the support
portion 70s. In the example, the support portion 70s 1s
connected to the outer edge of the first film 71. The planar
configuration of the first film 71 1s, for example, substan-
tially a quadrilateral (including a rectangle, etc.), a circle
(including a flattened circle), etc. As described below, the
deformable film recited above may have a free end.

The first film 71 1ncludes, for example, silicon.

The first sensor portion 51 1s provided at the first film 71.
For example, the first sensor portion 51 1s provided on a
surface of a portion of the first film 71. The front and back
(the top and bottom) of the surface are arbitrary.

As shown 1n FIG. 1D, the first sensor portion 51 includes
a first magnetic layer 11, a second magnetic layer 12, and a
first intermediate layer 11/. The second magnetic layer 12 1s
provided between the first film 71 and the first magnetic
layer 11. The first intermediate layer 11: 1s provided between
the first magnetic layer 11 and the second magnetic layer 12.

A direction (a first direction) that connects the first film 71
and the first sensor portion 51 1s taken as a Z-axis direction.
For example, the first sensor portion 51 1s provided at a
portion of the first film 71. In such a case, the direction of
the shortest line connecting the first sensor portion 51 and
the portion of the first film 71 corresponds to the first
direction.

One axis perpendicular to the Z-axis direction 1s taken as
an X-axis direction. A direction perpendicular to the Z-axis
direction and the X-axis direction 1s taken as a Y-axis
direction. In the example, the direction from the second
magnetic layer 12 toward the first magnetic layer 11 corre-
sponds to the Z-axis direction.

Multiple sensor portions (e.g., a second sensor portion 52,
a third sensor portion 53, a sensor portion 51P, a sensor
portion 52P, a sensor portion 533P, etc.) are provided in the
example. In the example, at least a portion of the second
sensor portion 32 overlaps at least a portion of the first
sensor portion 51 along the X-axis direction. The first sensor
portion 31 1s provided between the second sensor portion 52
and the third sensor portion 53. At least a portion of the
sensor portion 51P overlaps at least a portion of the first
sensor portion 31 along the Y-axis direction. At least a
portion of the sensor portion 52P overlaps at least a portion
of the second sensor portion 52 along the Y-axis direction.
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At least a portion of the sensor portion 33P overlaps at least
a portion of the third sensor portion 33 along the Y-axis
direction.

The second sensor portion 52 includes a third magnetic
layer 13, a fourth magnetic layer 14, and a second interme-
diate layer 12i. The fourth magnetic layer 14 1s provided

between the first film 71 and the third magnetic layer 13. The
second mtermediate layer 12i 1s provided between the third
magnetic layer 13 and the fourth magnetic layer 14.

The third sensor portion 53 includes a fifth magnetic layer
15, a sixth magnetic layer 16, and a third intermediate layer
13i. The sixth magnetic layer 16 1s provided between the first
film 71 and the fifth magnetic layer 15. The third interme-
diate layer 13i 1s provided between the fifth magnetic layer
15 and the sixth magnetic layer 16.

The configurations of the sensor portions 51P to 53P are
similar to those of the first to third sensor portions 51 to 53.

As shown 1n FIG. 1D, the magnetic layers recited above
are provided between a first sensor conductive layer 38e and
the first film 71. A second sensor conductive layer 58f 1s
provided between the first film 71 and the magnetic layers
recited above.

The first sensor conductive layer 58¢ that 1s electrically
connected to the first sensor portion 31 1s electrically con-
nected to a first sensor electrode EL1. The second sensor
conductive layer 58/ that 1s electrically connected to the first
sensor portion 51 1s electrically connected to a second sensor
clectrode EL2.

The magnetization of at least one of the first magnetic
layer 11 or the second magnetic layer 12 changes according
to the deformation of the first film 71. The angle between the
magnetization of the first magnetic layer 11 and the mag-
netization of the second magnetic layer 12 changes accord-
ing to the deformation of the first film 71. The electrical
resistance between the first magnetic layer 11 and the second
magnetic layer 12 (the electrical resistance of the first sensor
portion 51) changes due to the change of this angle. For
example, the pressure that 1s applied to the first film 71 can
be sensed by sensing the change of the electrical resistance
between the first sensor electrode ELL1 and the second sensor
clectrode EL2. The pressure 1s, for example, a sound wave,
etc.

In the embodiment, the state of being electrically con-
nected includes not only the state 1n which multiple con-
ductors are 1n direct contact, but also the case where the
multiple conductors are connected via another conductor.
The state of being electrically connected includes the case
where multiple conductors are connected via an element
having a function such as switching, amplification, etc.

For example, at least one of a switch element or an
amplifier element may be inserted into at least one of, for
example, the current path between the first sensor electrode
ELL1 and the first magnetic layer 11, or the current path
between the second sensor electrode EL2 and the second
magnetic layer 12.

For example, the first magnetic layer 11 1s a free magnetic
layer; and the second magnetic layer 12 1s a magnetization
reference layer. For example, the first magnetic layer 11 may
be a magnetization reference layer; and the second magnetic
layer 12 may be a free magnetic layer. Both the first
magnetic layer 11 and the second magnetic layer 12 may be
free magnetic layers. The description relating to the first
sensor portion 31 recited above 1s applicable also to the other
sensor portions (the second sensor portion 52, the third
sensor portion 53, the sensor portion 31P, the sensor portion
52P, the sensor portion 53P, etc.).
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The first element portion 41 includes a first piezoelectric
layer 41c¢. The first piezoelectric layer 41c¢ 1s fixed to the first
film 71. The first piezoelectric layer 41¢ overlaps the first
film 71 1n the first direction (the Z-axis direction).

The first piezoelectric layer 41¢ includes, for example, at
least one of PZT (lead zirconate titanate). AIN, ZnO, KNN
((K, Na)NbQO,), BaTiO,, or BiFeO,. The first piezoelectric
layer 41¢ may include a polymer.

In the example, the first element portion 41 further
includes a first element conductive layer 41¢ and a second
clement conductive layer 41/. The first piezoelectric layer
41c¢ 1s provided between the first element conductive layer
41e and the first film 71. The second element conductive
layer 41f1s provided between the first piezoelectric layer 41¢

and the first film 71.

In the example as shown in FIG. 1A, an msulating layer
41i 1s provided in the region between the first element
conductive layer 41e and the second element conductive
layer 41/ where the first piezoelectric layer 41c 1s not
provided.

For example, a voltage 1s applied to the first piezoelectric
layer 41¢ when a voltage Va 1s applied between the first
clement conductive layer 41e and the second element con-
ductive layer 41f. Strain 1s generated 1n the first piezoelectric
layer 41¢ according to the voltage. The first film 71 can be
deformed by the strain.

As shown 1n FIG. 1A and FIG. 1B, the sensor 110 may
turther include a controller 60. The controller 60 1s electri-
cally connected to the first element portion 41 and supplies
a first signal Sigl to the first element portion 41. For
example, the controller 60 1s electrically connected to the
first element conductive layer 41e and the second element
conductive layer 41/, The first signal Sigl includes the
voltage Va recited above.

The controller 60 may be electrically connected to the
sensor portions (the first sensor portion 51, etc.). The con-
troller 60 1s electrically connected to the first sensor elec-
trode EL1 and the second sensor electrode EL2.

For example, the change of the electrical resistance with
respect to the strain (the stress) i1s large for the sensor
portions (the first sensor portion 51, etc.) that use the
magnetic layers. In other words, the sensitivity 1s high.
However, there are cases where the range of the strain (the
stress) obtained with high sensitivity is relatively narrow.

In such a case, 1n the embodiment, the strain of the first

film 71 1s controlled by applying a prescribed stress to the
first film 71 by the first element portion 41. Thereby, the
sensible range of the stress (e.g., the sound wave, etc.) to be
sensed can be controlled. Thereby, for example, the stress 1n
the desired range can be sensed with high precision.

For example, there are cases where strain (1nitial strain) 1s
generated 1n the films provided 1n the manufacturing pro-
cesses of the sensor. For example, strain may be generated
in the first film 71 even in the case where there 1s substan-
tially no stress (sound waves, etc.) to be sensed. In such a
case, the strain of the first film 71 when the stress (the sound
wave, etc.) to be sensed 1s applied to the first film 71 may be
outside the range of the strain that can be sensed with high
sensitivity by the sensor portion.

In such a case, in the embodiment, the strain (the nitial
strain) of the first film 71 can be reduced by applying a
prescribed stress to the first film 71 by the first element
portion 41. Thereby, the state of the strain of the first film 71
generated when the stress (e.g., the sound wave, etc.) to be
sensed 1s applied to the first film 71 can be within the range
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of the strain that can be sensed with high sensitivity by the
sensor portion. Thereby, the desired stress can be sensed
with high precision.

Thus, according to the embodiment, a sensor can be
provided 1n which the sensing precision can be increased.

On the other hand, for example, there 1s a first reference
example ol a sensor including a sensor portion using a
piezoelectric layer in which the strain of the film 1s con-
trolled by applying stress to the film by an element portion
using a piezoelectric layer. In such a case, both the sensor
portion for the sensing and the element portion for control-
ling the strain of the film include piezoelectric materials.
Because the sensor portion and the element portion include
piezoelectric materials having similar characteristics, the
characteristics of the sensor portion cannot be sufliciently
high to obtain sutlicient controllability of the element por-
tion. On the other hand, the characteristics of the element
portion cannot be sufliciently high to obtain suflicient con-
trollability of the sensor portion. Thus, 1n the case where
similar materials are used in the sensor portion and the
clement portion and the maternials operate using similar
mechanisms, the characteristics that can be obtained are
limited.

For example, a second reference example also may be
considered 1n which a sensor portion that senses the pressure
based on the change of the electrostatic capacitance and a
sensor portion that controls the shape of the film based on
the electrostatic force are combined. In such a case as well,
the characteristics that can be obtained are limited because
the sensor portion and the element portion operate using
similar mechanisms.

In the first and second reference examples recited above
that use similar mechanisms, layers of similar materials are
provided in the sensor portion and the element portion. In
such a case, for example, similar stress (strain) 1s generated
in these layers 1in the manufacturing processes. Therelore,
the characteristics of the layers included in the element
portion are similar to the characteristics of the layers
included 1n the sensor portion. Therefore, the control of the
strain of the film by the element portion 1s limited.

Conversely, mn the embodiment, the sensor portions (the
first sensor portion 51, etc.) sense the strain (the pressure)
based on the mverse magnetostrictive effect and the mag-
netoresistance eflect using magnetic layers. On the other
hand, the first element portion 41 that uses the first piezo-
clectric layer 41c¢ applies stress Pc to the first film 71 based
on the piezoelectric property. The sensor portion and the
clement portion operate based on mutually-different mecha-
nisms. Therefore, for example, the configuration of the first
clement portion 41 can be set and the first element portion
41 can be controlled from the perspective of controlling the
strain of the first film 71. In other words, the configuration
of the first element portion 41 can be determined and the first
clement portion 41 can be controlled independently from the
operation of the sensor portion. Therefore, the characteris-
tics that are obtained are improved easily compared to the
reference examples recited above.

Thus, 1n the embodiment, the sensing precision can be
increased further by using the first element portion 41
operating based on a mechanism that 1s different from that
of the sensor portion including the magnetic layers.

An example of the characteristics of the sensor portion
will now be described.

FIG. 2 1s a graph illustrating the characteristics of the
sensor according to the first embodiment.

The horizontal axis of FIG. 2 shows a strain € (per mille,
/1000) applied to the sensor portion (the first sensor portion
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51). The strain € corresponds to the strain generated in the
first film 71. The strain € corresponds to the magnitude of the
stress (the sound wave, etc.) to be sensed. The vertical axis
1s an electrical resistance Rs (£2) of the first sensor portion
51. In the figures, the cases where a first material MT1 and
a second material MT2 are used as the free magnetic layer
of the first sensor portion 51 are shown. The gauge factor of
the first material MT1 1s 1500. The gauge factor of the
second material MT2 1s 4000.

In the example, the change of the electrical resistance Rs
with respect to the strain € 1s higher for the second material
MT?2 than for the first material MT1. In other words, the
sensitivity 1s high. In either of these materials, a large change
ol the electrical resistance Rs 1s obtained when the strain €
1s not 0. In other words, the sensitivity of the sensing of the
stress 1s low when the stress to be sensed 1s small.

For example, 1t 1s considered that such a phenomenon 1s
caused by the stress (the 1nitial strain) generated 1n the films
in the manufacturing processes. It 1s considered that the
initial strain 1s dependent on the configurations of the
multiple films, the materials of the multiple films, the
manufacturing conditions of the multiple films, various
conditions 1n the manufacturing process, etc. There are cases
where the 1nitial strain 1s not constant. Therefore, there are
cases where 1t 1s diflicult to stably sense the stress to be
sensed with high precision. The embodiment can solve such
a condition.

FIG. 3A to FIG. 3C are schematic views illustrating
operations of the sensor according to the first embodiment.

As shown 1 FIG. 3A, the pressure Po to be sensed 1s
applied to the first film 71. Thereby, a first strain €1 1s
generated. A change of the electrical resistance occurs 1n the
sensor portions (the first to third sensor portions 51 to 33,
etc.) due to the first strain €1. For example, two or more of
these sensor portions may be connected in series. The
change of the electrical resistance 1s sensed by the controller
60. The controller 60 sets the first signal Si1gl (the voltage
Va) according to the electrical resistance of the sensor
portion (e.g., the electrical resistance between the first
magnetic layer 11 and the second magnetic layer 12). The
stress Pc 1s applied to the first film 71 from the first element
portion 41 by the application of the first signal Sigl. The
state of the strain of the first film 71 changes due to the stress
Pc. The first film 71 can be set to the desired state by the
approprate first signal Sigl (the voltage Va); and the pres-
sure Po to be sensed can be sensed with high precision by the
sensor portion. The sensing results are output as an output
SO.

FI1G. 3B illustrates the characteristics when the voltage Va
1s 0. The horizontal axis 1s the pressure Po to be sensed. The
vertical axis 1s the electrical resistance Rs of the sensor
portion (e.g., the first sensor portion 51).

As shown 1n FIG. 3B, the electrical resistance Rs changes
according to the pressure Po to be sensed. However, when
the pressure Po 1s substantially 0, the change rate of the
clectrical resistance Rs 1s low; and the sensitivity 1s low. For
example, 1t 1s considered that this 1s because the 1nitial strain
1s generated when the pressure Po 1s substantially 0.

FI1G. 3C illustrates the characteristics when the voltage Va
(the first signal Sigl) 1s a first voltage V1. As shown in FIG.
3C, 1n such a case as well, the electrical resistance Rs
changes according to the pressure Po to be sensed. By
setting the voltage Va appropnately, a high change rate of the
clectrical resistance Rs 1s obtained when the pressure Po 1s
substantially 0. For example, it 1s considered that this 1s
because the mitial strain when the pressure Po 1s substan-
tially O 1s small due to the first voltage V1.
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Thus, 1n the embodiment, the first element portion 41 has
a first state ST1 1n which the first signal Sigl 1s iput (the
state of FIG. 3C), and a second state ST2 (the state of FIG.
3B). The second state ST2 1s a state that 1s different from the
first state ST1. As shown 1n FIG. 3B and FIG. 3C, the shape
of the first film 71 1n the first state ST1 1s different from the
shape of the first film 71 in the second state ST2. These
shapes are, for example, the cross-sectional shapes of the
first film 71 when the first film 71 1s cut by a plane including
the Z-axis direction. These shapes are the strain of the first
film 71. The pressure Po (the sound wave or the like) that 1s
applied to the first film 71 from the outside i1s the same for
these states. For example, the pressure Po 1s 0 1n these states.

For example, in the embodiment, the first signal Sigl (the
first voltage V1) may be determined as {follows. For
example, the electrical resistance Rs of the first sensor
portion 51 1s measured by changing the voltage Va. A
maximum value RH1 and a mimnimum value RL1 of the
electrical resistance Rs are obtained from this result. Then,

when the pressure Po (e.g., the sound wave) to be sensed 1s
substantially O, the first signal Si1gl (the first voltage V1) 1s
determined so that the electrical resistance Rs of the first
sensor portion 51 1s set to the average (e.g., the arithmetic
average) of the maximum value RH1 and the minimum
value RL1. For example, such an operation 1s performed by
the controller 60.

The controller 60 may include a memory unit 61 (e.g.,
nonvolatile memory). For example, the first voltage V1 1s
stored 1n the memory unit 61.

An example of other operations of the controller 60 will
now be described.

FIG. 4A to FIG. 4C are schematic views illustrating other
operations of the sensor according to the first embodiment.

As shown 1n FIG. 4A, operations such as those recited
below may be performed 1n the case where multiple sensor
portions (the first sensor portion 51, the second sensor
portion 52, the third sensor portion 33, etc.) are provided. An
example 1s described 1n the following example 1n which the
first sensor portion 51 and the second sensor portion 52 are
used as the multiple sensor portions. The position (a second
position) on the first film 71 where the second sensor portion
52 1s provided 1s different from the position (a first position)
on the first film 71 where the first sensor portion 51 1is
provided.

As shown in FIG. 4A, the pressure Po to be sensed 1is
applied to the first film 71. Thereby, the first strain €1 1s
generated at the first position; and a second strain €2 1s
generated at the second position. In the first sensor portion
51, the electrical resistance that corresponds to the first strain
el 1s generated; and in the second sensor portion 52, the
clectrical resistance that corresponds to the second strain €2
1s generated. The changes of these electrical resistances are
sensed by the controller 60. The controller 60 sets the first
signal Sigl (the voltage Va) according to the electrical
resistances of the first sensor portion 31 and the second
sensor portion 52. The stress Pc 1s applied to the first film 71
from the first element portion 41 by the application of the
first signal Sigl. In such a case as well, the first film 71 can
be set to the desired state; and the pressure Po to be sensed
can be sensed with high precision.

For example, in the embodiment, the first signal Si1gl (the
first voltage V1) may be determined as follows.

As shown in FIG. 4B, when the voltage Va 1s 0, a {first
clectrical resistance Rs1 of the first sensor portion 51 and a
second electrical resistance Rs2 of the second sensor portion
52 change with the pressure Po. The first electrical resistance
Rs1 has the maximum value RH1 and the minimum value
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RL1. The second electrical resistance Rs2 has a maximum
value RH2 and a minimum value RL2.

As shown 1 FIG. 4C, the voltage Va 1s set to the first
voltage V1. For example, the first voltage V1 1s determined
as follows. When the pressure Po (e.g., the sound wave) to
be sensed 1s substantially O, the first signal Sigl (the first
voltage V1) 1s determined so that the average (the arithmetic
average) of the first electrical resistance Rsl and the second
clectrical resistance Rs2 becomes the average of the average
of the maximum value RH1 and the minimum value RL1
and the average of the maximum value RH2 and the mini-
mum value RL2. For example, such an operation 1s per-
formed by the controller 60.

Another example of the sensor according to the embodi-
ment will now be described.

FIG. 5A to FIG. 5C are schematic plan views 1llustrating,
other sensors according to the first embodiment.

In a sensor 110q as shown 1 FIG. 5A, the end portion of
the first piezoelectric layer 41 ¢ of the first element portion 41
substantially overlaps the end portion of the first film 71. As
shown 1n FI1G. 5B, a silt 71s 1s provided between the support
portion 70s and a portion of the first film 71. As shown in
FIG. 5C, a hole 71/ 1s provided 1n the first film 71. The hole
71/ may be multiple holes. Thus, various modifications are
possible 1n the embodiment.

FIG. 6A to FIG. 6C are schematic views illustrating
another sensor according to the first embodiment.

FIG. 6A 1s a plan view 1illustrating a portion of the sensor
111 according to the embodiment. FIG. 6B 1s a line D1-D2
cross-sectional view of FIG. 6A. FIG. 6C 1s a line C1-C2
cross-sectional view of FIG. 6A.

As shown 1n FIG. 6 A, the sensor 111 includes the second
sensor portion 52 and a second element portion 42 1n
addition to the first film 71, the first sensor portion 51, and
the first element portion 41.

The second sensor portion 32 1s provided at the first film
71. As described 1n reference to FIG. 1D, the second sensor
portion 52 includes the third magnetic layer 13, the fourth
magnetic layer 14, and the second intermediate layer 12i. As
described above, the fourth magnetic layer 14 1s provided
between the first film 71 and the third magnetic layer 13. The
second intermediate layer 127 1s provided between the third
magnetic layer 13 and the fourth magnetic layer 14.

The second sensor portion 52 1s separated from the first
sensor portion 51 1n a second direction (in the example, the
X-axis direction) crossing the first direction. The second
sensor portion 32 1s electrically connected to a third sensor
clectrode EL3 and a fourth sensor electrode ELA4.

The second element portion 42 includes a second piezo-
clectric layer 42¢. The second piezoelectric layer 42¢ over-
laps the first film 71 1in the first direction (the Z-axis
direction). In the example, the second element portion 42
turther includes a third element conductive layer 42¢ and a
fourth element conductive layer 42f. The second piezoelec-
tric layer 42¢ 1s provided between the third element con-
ductive layer 42¢ and the first film 71. The fourth element
conductive layer 42f 1s provided between the second piezo-
clectric layer 42¢ and the first film 71.

The first element portion 41 1s arranged with at least a
portion of the first sensor portion 51 1n a third direction (in
the example, the Y-axis direction) crossing the first direction
and the second direction. The second element portion 42 1s
arranged with at least a portion of the second sensor portion
52 1n the third direction.

For example, the controller 60 1s electrically connected to
the first to fourth sensor electrodes EL1 to EL4. The
controller 60 1s electrically connected to the first element
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conductive layer 41e, the second element conductive layer
41/, the third element conductive layer 42¢, and the fourth
clement conductive layer 42f.

For example, the strain in the region of the first film 71
where the first sensor portion 51 1s provided 1s controlled by
the first element portion 41. For example, the strain in the
region of the first film 71 where the second sensor portion 52
1s provided 1s controlled by the second element portion 42.
Thereby, the controllability of the strain of the first film 71
1s higher.

FIG. 7A to FIG. 7E are schematic views illustrating the
operations of the other sensor according to the first embodi-
ment.

As shown i FIG. 7A, i the case where the multiple
sensor portions (the first sensor portion 51, the second sensor
portion 52, the third sensor portion 53, etc.) are provided,
operations such as those recited below may be performed.
An example 1s described 1n the following example 1n which
the first sensor portion 51 and the second sensor portion 52
are used as the multiple sensor portions. The position (the
second position) of the first film 71 where the second sensor
portion 352 1s provided 1s different from the position (the first
position) of the first film 71 where the first sensor portion 51
1s provided.

As shown 1n FIG. 7A, the pressure Po to be sensed is
applied to the first film 71. Thereby, the first strain €1 1s
generated at the first position; and the second strain €2 1s
generated at the second position. The change of the electrical
resistance of the first sensor portion 51 and the change of the
clectrical resistance of the second sensor portion 52 are
sensed by the controller 60. The controller 60 sets the first
signal Sigl (the voltage Va) and a second signal Slg2 (a
voltage Vb) according to the electrical resistances of the first
sensor portion 51 and the second sensor portion 32. Stress
Pcl 1s applied to the first film 71 from the first element
portion 41 by the application of the first signal Sigl. Stress
Pc2 1s applied to the first film 71 from the second element
portion 42 by the application of the second signal S1g2. By
applying the signals corresponding to the positions of the
multiple sensor portions to the first element portion 41 and
the second element portion 42, the first film 71 can be set to
the desired state; and the pressure Po to be sensed can be
sensed with high precision. In the example, the first element
portion 41 and the second element portion 42 are connected
to the drive power source 41D (described later).

For example, in the embodiment, the first signal Sigl and
the second signal S1g2 may be determined as follows.

FIG. 7B 1illustrates the characteristic of the first sensor
portion 51 when the voltage Va 1s 0. FIG. 7B illustrates the
characteristic of the second sensor portion 52 when the
voltage Vb 1s 0. FIG. 7C illustrates the characteristic of the
first sensor portion 51 when the voltage Va (the first signal
Si1gl) 1s the first voltage V1. FIG. 7D illustrates the char-
acteristic of the second sensor portion 52 when the voltage
Vb (the second signal S1g2) 1s a second voltage V2. In these
figures, the horizontal axis 1s the pressure Po to be sensed.
The vertical axis 1s the electrical resistance Rs (the first
clectrical resistance Rsl1 or the second electrical resistance
Rs2) of the sensor portion.

As shown 1n FIG. 7B, the voltage Va 1s set to 0; and the
change of the first electrical resistance Rsl when changing
the pressure Po to be sensed 1s determined. The maximum
value RH1 and the minimum value RL1 of the first electrical
resistance Rsl are determined. As shown in FIG. 7C, the
voltage Vb 1s set to 0; and the change of the second electrical
resistance Rs2 when changing the pressure Po to be sensed
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1s determined. The maximum value RH2 and the minimum
value RL2 of the second electrical resistance Rs2 are deter-
mined.

As shown 1 FI1G. 7D, for example, the first voltage V1 of
the first signal Sigl 1s determined as follows. The first
voltage V1 1s applied to the first element portion 41; and the
first electrical resistance Rs1 1s the average of the maximum
value RH1 and the minimum value RLL1 when the pressure

Po 1s O.

As shown 1n FIG. 7E, for example, the second voltage V2
of the second signal Sig2 1s determined as follows. The
second voltage V2 1s applied to the second element portion
42; and the second electrical resistance Rs2 1s the average of
the maximum value RH2 and the minimum value RL2 when
the pressure Po 1s 0.

In the sensor 111, multiple element portions are provided
to correspond to the multiple sensor portions provided at the
different multiple positions of the first film 71. By using the
multiple element portions, the strain of the first film 71 can
be controlled independently. Thereby, the controllability of
the strain of the first film 71 1s even higher.

FIG. 8 1s a schematic view illustrating another sensor
according to the first embodiment.

In the sensor 111a according to the embodiment as shown
in FIG. 8, a differential circuit 60a and an adder circuit 6054
are provided in the controller 60. For example, the output of
the first sensor portion 51 and the output of the second
sensor portion 52 are mput to the differential circuit 60a. The
output of the differential circuit 60a 1s mput to the first
clement portion 41 as the first signal Sigl. For example, a
voltage that corresponds to the diflerence between the output
of the first sensor portion 51 and the output of the second
sensor portion 32 1s applied to the first element portion 41.

On the other hand, the output of the first sensor portion 51
and the output of the second sensor portion 52 are input to
the adder circuit 605. The output So of the adder circuit 605
1s, for example, a value (e.g., the average) corresponding to
the sum of the output of the first sensor portion 351 and the
output of the second sensor portion 52.

In the sensor 111a, the memory unit 61 (referring to FIG.
3A) may be provided 1n the controller 60.

FIG. 9A to FIG. 9F are schematic cross-sectional views
illustrating other sensors according to the first embodiment.

In a sensor 1124 as shown 1n FIG. 9A, the first element
portion 41 1s provided 1n the first film 71. The first film 71
has a first surface 71a. In the example, the first element
portion 41 and the first sensor portion 51 are provided at the
first surface 71a.

As shown 1n FIG. 9A, an insulating layer 51i 1s provided
between the first sensor conductive layer 38¢ and the second
sensor conductive layer 38f. The insulating layer 351 1s
arranged with the magnetic layers (the first magnetic layer
11, etc.) In a direction crossing the first direction (the Z-axis
direction).

As shown 1n FIG. 9B, the first film 71 has the first surface
71a and a second surface 71b. The second surface 715 1s the
surface opposite to the first surface 71a. In the sensor 1125,
the first sensor portion 51 1s provided at the first surface 71a.
The first element portion 41 1s provided at the second surface
710b.

In a sensor 112¢ as shown 1n FIG. 9C, at least a portion
of the first magnetic layer 11 1s provided between the first
film 71 and at least a portion of the first piezoelectric layer
41c 1n the first direction (the Z-axis direction).

In a sensor 1124 as shown 1n FIG. 9D, at least a portion
of the first piezoelectric layer 41c 1s provided between the
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first film 71 and at least a portion of the first magnetic layer
11 1n the first direction (the Z-axis direction).

In a sensor 112¢ as shown in FIG. 9E, at least a portion
of the first film 71 1s provided between at least a portion of
the first magnetic layer 11 and at least a portion of the first
piezoelectric layer 41c¢ 1n the first direction (the Z-axis
direction). In the sensor 112e, the position in the Z-axis
direction of the first magnetic layer 11 1s between the
position in the Z-axis direction of the support portion 70s
and the position 1n the Z-axis direction of the first film 71.

In a sensor 112f as shown in FIG. 9F as well, at least a
portion of the first film 71 1s provided between at least a
portion of the first magnetic layer 11 and at least a portion
of the first piezoelectric layer 41¢ 1n the first direction (the
Z-axis direction). In the sensor 112f, the position in the
Z-axis direction of the first piezoelectric layer 41c¢ 1s
between the position in the Z-axis direction of the support

portion 70s and the position in the Z-axis direction of the

first film 71.

FIG. 10A to FIG. 10C are schematic views illustrating a
portion ol another sensor according to the first embodiment.

FIG. 10C 1s a plan view. FIG. 10B 1s a cross-sectional
view. FIG. 10C 1s a cross-sectional view 1illustrating the
second sensor portion 52.

In the other sensor 113 according to the embodiment as
shown 1in FIG. 10A and FIG. 10B, the first film 71 has a fixed
end 71¢g and a free end 71p (an unconstrained end). The fixed
end 71g 1s connected to the support portion 70s. In the
example, the free end 71p 1s arranged with the fixed end 71¢g
in the Y-axis direction.

A second film 72 and a third film 73 are provided 1n the
example. A not-i1llustrated fourth film may be further pro-
vided.

The second film 72 1s deformable. The second film 72 also

1s supported by the support portion 70s. The second film 72
1s arranged with the first film 71 1n a direction (in the
example, the Y-axis direction) crossing the first direction
(the Z-axis direction). The second film 72 has a fixed end
72q and a free end 72p (an unconstrained end). The fixed end
724 1s connected to the support portion 70s. In the example,
the free end 72p 1s arranged with the fixed end 724 in the
Y-axis direction.

The third film 73 and the not-illustrated fourth film are
arranged 1n the X-axis direction and the Y-axis direction
with the first film 71 and the second film 72. The fourth film
1s arranged with the third film 73 1n the X-axis direction. The
third film 73 and the fourth film also are deformable.

The sensor 113 includes the second sensor portion 52 1n
addition to the first sensor portion 31. The first sensor
portion 31 1s provided at the first film 71. The second sensor
portion 352 1s provided at the second film 72. The sensor 113
includes the second element portion 42 1n addition to the first
clement portion 41. The first element portion 41 1s provided
at the first film 71. The second element portion 42 1is
provided at the second film 72.

As shown in FIG. 10C, the second sensor portion 52
includes the third magnetic layer 13, the fourth magnetic
layer 14, and the second intermediate layer 12i. The fourth
magnetic layer 14 1s provided between the second film 72
and the third magnetic layer 13. The second intermediate
layer 12i 1s provided between the third magnetic layer 13
and the fourth magnetic layer 14. In the example, the
magnetic layers recited above are provided between the first
sensor conductive layer 58¢ and the second film 72. The
second sensor conductive layer 58/1s provided between the
magnetic layers recited above and the second film 72.
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The second element portion 42 1includes the second piezo-
clectric layer 42¢. The second piezoelectric layer 42¢ over-
laps the second film 72 in the first direction (the Z-axis
direction). In the example, the second element portion 42
turther includes the third element conductive layer 42e and
the fourth element conductive layer 42f. The second piezo-
clectric layer 42¢ 1s provided between the third element
conductive layer 42¢ and the second film 72. The fourth
clement conductive layer 42/1s provided between the second
piezoelectric layer 42¢ and the second film 72.

In the example, at least a portion of the first element
portion 41 1s arranged with the first sensor portion 31 in the
direction recited above (the Y-axis direction) crossing the
first direction (the Z-axis direction). At least a portion of the
second element portion 42 1s arranged with the second
sensor portion 32 1n the direction recited above (the Y-axis
direction) crossing the first direction.

Thus, 1n the sensor 113, the deformable film 1s a “canti-
lever beam.” In such a sensor 113 as well, a sensor can be
provided 1n which the sensing precision can be increased.

FIG. 11 1s a schematic cross-sectional view 1llustrating a
portion ol another sensor according to the first embodiment.

As 1n the sensor 114 shown 1n FIG. 11, at least a portion
of the controller 60 may overlap at least one of the first
sensor portion 31 or the first element portion 41 1n the first
direction (the Z-axis direction). The controller 60 may
include, for example, a transistor. For example, the control-
ler 60 may be connected to the first sensor portion 51 via an
interconnect S1L, etc.

FIG. 12A to FIG. 12E are schematic cross-sectional views
illustrating portions of the sensor according to the first
embodiment.

FI1G. 12 A illustrates the first element portion 41. FIG. 12B
to FIG. 12E illustrate the first sensor portion 51.

As shown 1n FIG. 12 A, the first piezoelectric layer 41c¢ has
a thickness tcd4. The first element conductive layer 41¢ has
a thickness ted. The second element conductive layer 411 has
a thickness tid4. The first film 71 has a thickness t1. These

thicknesses are lengths along the first direction (the Z-axis
direction). The thickness tcd 1s, for example, not less than 1

um and not more than 5 um. The thickness ted and the
thickness t14 each are, for example, not less than 0.1 um and
not more than 1 um. The thickness t71 1s, for example, not
less than 0.3 um and not more than 10 um.

At least one of the first element conductive layer 41e or
the second eclement conductive layer 41/ includes, for
example, at least one of Pt. Al, or Cu.

As shown 1n FIG. 12B, the first magnetic layer 11 has a
thickness t1. The second magnetic layer 12 has a thickness
t2. The first mtermediate layer 117 has a thickness t11. The
first sensor conductive layer 58¢ has a thickness te5. The
second sensor conductive layer 58/ has a thickness ti5.
These thicknesses are lengths along the first direction (the
Z-axis direction). The thickness t1 1s, for example, not less
than 50 nm and not more than 700 nm. The thickness t2 1s,
for example, not less than 4 nm and not more than 50 nm.
The thickness t11 1s, for example, not less than 0.6 nm and
not more than 10 nm. The thickness te5 and the thickness ti5
cach are, for example, not less than 2 nm and not more than
10 nm. For example, the distance between the first sensor
conductive layer 38¢ and the second sensor conductive layer
58/ (corresponding to the thickness of the magnetic sensing
layers) 1s, for example, 200 nm or less.

For example, the thickness tcd of the first piezoelectric
layer 41c 1s, for example, not less than 5 times and not more
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than 100 times the distance between the first sensor con-
ductive layer 58e¢ and the second sensor conductive layer
58/.

As shown 1n FIG. 12C, the second sensor conductive
layer 58/ may be buried 1n the first film 71. As shown 1n FIG.
12D, the second magnetic layer 12 may be buried 1n the first
film 71. As shown 1n FIG. 12E, the first intermediate layer
11; and the first magnetic layer 11 may be buried in the first
film 71. For example, at least one of the second sensor
conductive layer 38/, the second magnetic layer 12, the first
intermediate layer 117, or the first magnetic layer 11 may
overlap a portion of the first film 71 1n a direction crossing
the Z-axis direction.

The description relating to the first element portion 41
recited above 1s applicable also to the other element por-
tions. The description relating to the first sensor portion 51
recited above 1s applicable also to the other sensor portions.

Examples of the materials included in the magnetic layers
recited above, etc., are described below.

Second Embodiment

FIG. 13A to FIG. 13C are schematic views 1llustrating a
sensor according to a second embodiment.

FIG. 13A 15 a perspective view. FIG. 13B 1s a perspective
view 1n which a portion shown in FIG. 13A 1s drawn as
being extracted. FIG. 13C 1s a line E1-E2 cross-sectional
view of FIG. 13A.

As shown 1 FIG. 13A, the sensor 120 according to the
embodiment includes the first film 71, a first opposing film
73, the first sensor portion 51, a first film electrode 71e, and
a first opposing film electrode 73e.

FIG. 13A and FIG. 13B 1llustrate the configuration of the
central portion 1n the X-axis direction of the sensor 120
when the sensor 120 1s cut by the Z-Y plane for easier
viewing of the drawing. In FIG. 13B, the first opposing film
75 and the first opposing film electrode 75e¢ are drawn as
being extracted.

The first film 71 1s deformable. In the example as well, for
example, the first film 71 1s supported by the support portion
70s. The first sensor portion 51 1s provided at the first film
71. The description of the first embodiment 1s applicable to
the first film 71.

For example, as described in reference to FIGS. 1A to 1D,
the first sensor portion 31 includes the first magnetic layer
11, the second magnetic layer 12 that 1s provided between
the first film 71 and the first magnetic layer 11, and the first
intermediate layer 11; that i1s provided between the first
magnetic layer 11 and the second magnetic layer 12.

As shown 1n FIG. 13A, the first film electrode 71e 1s
connected to the first film 71. For example, the connection
includes an electrical connection.

As shown 1 FIG. 13B, the first opposing film electrode
75¢ 1s connected to the first opposing film 75. This connec-
tion also includes, for example, an electrical connection.

The first opposing film 75 includes a portion separated
from the first film 71 1n the first direction (e.g., the Z-axis
direction) connecting the first film 71 and the first sensor
portion 51. For example, at least a portion of the first
opposing film 75 opposes the first film 71 1n the Z-axis
direction.

For example, the controller 60 1s provided 1n the sensor
120. The controller 60 1s electrically connected to the first
f1lm electrode 71e and the first opposing film electrode 735e.
The controller 60 may be further electrically connected to
the first sensor electrode ELL1 and the second sensor elec-
trode EL2. For example, the controller 60 applies a first
control signal SC1 between the first film electrode 71e end
the first opposing film electrode 75e. An electrostatic force
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acts between the first film 71 and the first opposing film 75
due to the first control signal SC1. For example, the distance
between the first film 71 and the first opposing film 75
changes according to the first control signal SCI.

For example, the stress (the strain) that 1s applied to the
first film 71 changes according to the first control signal
SC1. The strain of the first film 71 can be controlled by
controlling the first control signal SCI1.

For example, the controller 60 may control the first
control signal SC1 according to the electrical resistance (the
first electrical resistance Rsl) between the first magnetic
layer 11 and the second magnetic layer 12. Thereby, for
example, the state of the strain of the first film 71 can be a
state that 1s sensible with high precision by the first sensor
portion 51.

For example, the first opposing film 75 may have a hole
75h. The hole 75/ pierces the first opposing film 75 1n the
first direction (the Z-axis direction). Multiple holes 75/ may
be provided. For example, the first film 71 deforms when the
pressure Po to be sensed 1s applied to the first film 71. At this
time, pressure 1s applied to a gas (air, etc.) inside the space
between the first film 71 and the first opposing film 75. At
this time, the pressure 1s relaxed by providing the hole 754.
Thereby, the first film 71 deforms easily. The configuration
of the hole 75/ 1s arbitrary.

For example, the first opposing film 75 does not deform
casily compared to the first film 71. Thereby, the strain of the
first film 71 1s controlled more easily. For example, the first
film 71 has the thickness t71. The first opposing film 75 has
a thickness t75. In the case where the matenal of the first
film 71 1s substantially the same as the material of the first
opposing {ilm 75, for example, the thickness t75 1s set to be
thinner than the thickness t71. The elastic modulus of the
material of the first opposing film 75 may be higher than the
clastic modulus of the material of the first film 71.

For example, the first opposing film 75 may have at least
one of the thickness t73 thicker than the thickness t71 of the
first film 71, or an elastic modulus higher than the elastic
modulus of the first film 71.

In the sensor 120 as shown 1n FIG. 13C, the position in the
Z-axis direction of the first film 71 1s between the position
in the Z-axis direction of the first sensor portion 351 and the
position in the Z-axis direction of the first opposing film 75.

FIG. 14A and FIG. 14B are schematic views 1llustrating,
operations of the sensor according to the second embodi-
ment.

FI1G. 14 A illustrates the characteristic when the magnitude
(the absolute value) of the first control signal SC1 1s 0. FIG.
14B 1illustrates the characteristic when the first control signal
SC1 1s a first voltage VC1. In these figures, the horizontal
axis 1s the pressure Po to be sensed. The vertical axis 1s the
clectrical resistance Rs of the sensor portion (e.g., the first
sensor portion 51).

As shown 1n FIG. 14A, when the pressure Po 1s substan-
tially 0, the change rate of the electrical resistance Rs 1s low;
and the sensitivity 1s low. For example, 1t 1s considered that
this 1s because the imitial strain 1s generated when the
pressure Po 1s substantially 0.

In FI1G. 14B, when the first control signal SC1 1s the first
voltage V1, a high change rate of the electrical resistance
Rs 1s obtained when the pressure Po 1s substantially 0. For
example, 1t 1s considered that this 1s because the 1nitial strain
when the pressure Po 1s substantially 0 1s small due to the
first voltage VCI.

Thus, 1n the embodiment, the first film 71 has the second
state ST2 shown 1n FIG. 14A and the first state ST1 shown
in FIG. 14B. The first state ST1 1s the state in which the first
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control signal SC1 (the first voltage, VC1) 1s applied
between the first film electrode 71e and the first opposing
film electrode 75e. The second state ST2 1s a state that 1s
different from the first state ST1. The shape of the first film
71 1n the first state ST1 1s different from the shape of the first
film 71 1n the second state ST2.

For example, these shapes are cross-sectional shapes of
the first film 71 when the first film 71 1s cut by a plane
including the Z-axis direction. These shapes are the strain of
the first film 71. The pressure Po (the sound wave or the like)
that 1s applied to the first film 71 from the outside 1s the same
for these states. For example, the pressure Po 1n these states
1s O.

Thus, the shape of the first film 71 can be controlled by
the first control signal SC1. The state of the strain of the first
film 71 can be controlled by the first control signal SC1.

For example, 1n the embodiment, the first voltage VC1 of
the first control signal SC1 may be determined as follows.
For example, the electrical resistance Rs of the first sensor
portion 351 1s measured while changing the magnitude of the
first control signal SC1. The maximum value RH1 and the
minimum value RL1 of the electrical resistance Rs are
obtained from this result. Then, when the pressure Po (e.g.,
the sound wave) to be sensed 1s substantially 0, the first
voltage V(1 1s determined so that the electrical resistance
Rs of the first sensor portion 51 1s the average (e.g., the
arithmetic average) of the maximum value RH1 and the
minimum value RL1. For example, such an operation 1s
performed by the controller 60.

FIG. 15 1s a schematic view 1llustrating another sensor
according to the second embodiment.

In the sensor 123 according to the embodiment as shown
in FIG. 15, the differential circuit 60a and the adder circuit
605 are provided in the controller 60. For example, the
output of the first sensor portion 51 and the output of the
second sensor portion 52 are mput to the differential circuit
60a. The output of the differential circuit 60a 1s applied
between the first film 71 and the first opposing film 73 as the
first control signal SC1. For example, a voltage correspond-
ing to the difference between the output of the first sensor
portion 51 and the output of the second sensor portion 52 1s
applied between the first film 71 and the first opposing film
75.

On the other hand, the output of the first sensor portion 51
and the output of the second sensor portion 52 are input to
the adder circuit 6056. For example, the output So of the
adder circuit 605 1s a value (e.g., the average) corresponding
to the sum of the output of the first sensor portion 31 and the
output of the second sensor portion 52.

FIG. 16A to FIG. 16C are schematic views illustrating
another sensor according to the second embodiment.

FIG. 16A 15 a perspective view. FIG. 16B 1s a perspective
view 1n which a portion shown in FIG. 16A 1s drawn as
being extracted. FIG. 16C 1s a line F1-F2 cross-sectional
view of FIG. 16A.

As shown 1 FIG. 16A, the sensor 121 according to the
embodiment also includes the first film 71, the first opposing
film 75, the first sensor portion 31, the first film electrode
71e, and the first opposing film electrode 75e.

FIG. 16A and FIG. 16B 1llustrate the configuration of the
central portion 1n the X-axis direction of the sensor 121
when the sensor 121 1s cut by the Z-Y plane for easier
viewing of the drawing. In FIG. 16B, the first opposing film
75 and the first opposing film electrode 75e¢ are drawn as
being extracted.

In the sensor 121 as shown 1n FIG. 16C, the position 1n the
Z-axi1s direction of the first sensor portion 51 1s between the
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position 1n the Z-axis direction of the first film 71 and the
position in the Z-axis direction of the first opposing film 75.
Otherwise, the sensor 121 1s similar to the sensor 120.

FIG. 17A and FIG. 17B are schematic cross-sectional
views 1llustrating other sensors according to the second
embodiment.

In a sensor 120a as shown 1 FIG. 17A, the multiple
stacked films are provided at the first opposing film 75.
Otherwise, the sensor 120qa 1s similar to the sensor 120.

In the example, the first opposing film 75 includes a first
material portion 75a and a second material portion 75b6. The
second material portion 75b overlaps the first material
portion 75q 1n the first direction (the Z-axis direction). The
second material portion 756 includes a material different
from the first material portion 75a.

For example, the first material portion 75a includes sili-
con. The second material portion 756 1includes, for example,
at least one of silicon nitride or silicon carbide. The elastic
modulus of the second material portion 755 1s higher than
the elastic modulus of the first matenial portion 75a.

For example, the first material portion 75a may include
the same material as the first film 71. For example, the
second material portion 756 includes a material that 1s
different from the first film 71. By such a configuration, the
first opposing film 735 can deform less easily compared to the
first film 71. Thereby, the strain of the first film 71 can be
controlled easily; and the sensing precision can be increased
more easily.

In the sensor 120a, the second matenal portion 755 1s
provided between the first material portion 75a and the first
film 71. In the embodiment, the first maternial portion 75a
may be provided between the second material portion 755
and the first film 71.

As shown 1n FIG. 17B, 1n a sensor 121a as well, multiple
stacked films are provided at the first opposing film 75.
Otherwise, the sensor 1214 1s similar to the sensor 121. In
the example as well, the first opposing film 735 includes the
first material portion 75a recited above and the second
material portion 7356 recited above. In the sensor 121a as
well, the strain of the first film 71 can be controlled easily;
and the sensing precision can be increased more easily.

In the sensor 121a, the second matenal portion 755 1s
provided between the first material portion 75a and the first
film 71. In the embodiment, the first material portion 75a
may be provided between the second material portion 755
and the first film 71.

FIG. 18 1s a schematic perspective view 1illustrating
another sensor according to the second embodiment.

FI1G. 18 illustrates the configuration of the central portion
In the X-axis direction of the sensor 122 when the sensor
122 1s cut by the Z-Y plane for easier viewing of the
drawing.

As shown 1n FIG. 18, the other sensor 122 according to
the embodiment 1includes the second film 72 and the second
sensor portion 52 in addition to the first film 71, the first
opposing film 75, the first sensor portion 51, the first film
clectrode 71e, and the first opposing film electrode 75e.
Otherwise, the sensor 122 1s similar to the sensor 120.

In the first direction (the Z-axis direction), the first oppos-
ing film 75 overlaps the first film 71 and overlaps the second
film 72. The second film 72 1s arranged with the first {ilm 71
in a direction (in the example, the Y-axis direction) crossing
the first direction (the Z-axis direction). The first film 71 and
the second film 72 are “cantilever beams.”

The second sensor portion 52 i1s provided at the second
film 72. As described in reference to FIG. 10C, the second

sensor portion 52 includes the third magnetic layer 13, the
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fourth magnetic layer 14 that 1s provided between the second
film 72 and the third magnetic layer 13, and the second
intermediate layer 12i that 1s provided between the third
magnetic layer 13 and the fourth magnetic layer 14.

In the sensor 122 as well, the strains of the first film 71
and the second film 72 can be controlled easily; and the
sensing precision can be increased more easily.

Third Embodiment

The embodiment relates to a method for manufacturing
the sensor.

FIG. 19 1s a flowchart 1llustrating the method for manu-
facturing the sensor according to the third embodiment.

As shown 1n FIG. 19, the electrical characteristic infor-
mation of the sensor portion (e.g., the first sensor portion 51)
1s acquired (step S10). For example, information relating to
the relationship between the pressure Po and the electrical
resistance Rs (referring to FIG. 3B, etc.) 1s acquired.

At this time, a bias voltage 1s applied to an actuator (step
S520). The actuator 1s, for example, the first element portion
41 or the first opposing film 735. The bias voltage 1s, for
example, a direct current voltage. Step S10 recited above 1s
implemented while modifying the bias voltage.

It 1s determined whether or not the electrical characteristic
of the sensor portion 1s 1n a prescribed range (step S30). For
example, 1n the example of FIG. 3B, the electrical charac-
teristic 1s not within the prescribed range. In the case where
the electrical characteristic 1s not within the prescribed
range, the bias voltage (the bias voltage value) 1s modified
(step S31). Then, the tlow returns to step S10 and step S20.

In the case where the electrical characteristic 1s 1n the
prescribed range, the flow proceeds to step S40. The voltage
that 1s applied to the actuator 1s stored 1n step S40.

The voltage adjustment unit 1s set based on the stored
voltage (step S50). The voltage adjustment unit 1s, for
example, the controller 60. Thereby, the bias voltage of the
desired value 1s supplied to the actuator from the voltage
adjustment unit. Thereby, the sensing precision can be
increased; and the sensor can be manufactured.

FIG. 20 1s a flowchart illustrating another method for
manufacturing the sensor according to the third embodi-
ment.

The resonant frequency information of the sensor portion
(e.g., the first sensor portion 51) as shown 1n FIG. 20 1s
acquired (step S15).

At this time, the bias voltage 1s applied to the actuator
(step S20). The actuator 1s, for example, the first element
portion 41 or the first opposing film 735. The bias voltage 1s,
for example, a direct current voltage. Step S15 recited above
1s 1implemented while modifying the bias voltage.

It 1s determined whether or not the resonant frequency
characteristic of the sensor portion 1s in the prescribed range
(step S35). In the case where the resonant frequency char-
acteristic 1s not within the prescribed range, the bias voltage
(the bias voltage value) 1s modified (step S31). Then, the
flow returns to step S15 and step S20.

In the case where the resonant frequency characteristic 1s
in the prescribed range, the flow proceeds to step S40. In
step S40, the voltage that 1s applied to the actuator 1s stored.

The voltage adjustment unit (the controller 60) 1s set
based on the stored voltage (step S50). Thereby, the bias
voltage of the desired value 1s supplied to the actuator from
the voltage adjustment unit. Thereby, a sensor can be manu-
factured in which the sensing precision can be increased.

Examples of the sensor portions included in the embodi-
ments will now be described. In the following description,
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the notation “material A/material B” indicates a state in
which a layer of material B 1s provided on a layer of matenal
A.

FIG. 21 1s a schematic perspective view 1llustrating a
portion of the sensor according to the embodiment.

In a sensor portion 30A as shown i FIG. 21, a lower
clectrode 204, a foundation layer 205, a pinning layer 206,
a second magnetization reference layer 207, a magnetic
coupling layer 208, a first magnetization reference layer 209,
an intermediate layer 203, a free magnetic layer 210, a
capping layer 211, and an upper electrode 212 are arranged
in this order. For example, the sensor portion S0A 1s a
bottom spin-valve type. The magnetization reference layer
1s, for example, a fixed magnetic layer.

The foundation layer 205 includes, for example, a stacked
film of tantalum and ruthenium (Ta/Ru). The thickness (the
length 1n the Z-axis direction) of the Ta layer 1s, for example,
3 nanometers (nm). The thickness of the Ru layer 1s, for
example, 2 nm. The pinning layer 206 includes, for example,
an IrMn-Layer having a thickness of 7 nm. The second
magnetization reference layer 207 includes, for example, a
Co-:.Fe, . layer having a thickness of 2.5 nm. The magnetic
coupling layer 208 includes, for example, a Ru layer having
a thickness of 0.9 nm. The first magnetization reference
layer 209 includes, for example, a Co,,Fe, B, layer having
a thickness of 3 nm. The mtermediate layer 203 includes, for
example, a MgO layer having a thickness of 1.6 nm. The free
magnetic layer 210 includes, for example, Co,,Fe, B,
having a thickness of 4 nm. The capping layer 211 includes,
for example, Ta/Ru. The thickness of the Ta layer 1s, for
example, 1 nm. The thickness of the Ru layer 1s, for
example, 5 nm.

The lower electrode 204 and the upper electrode 212
include, for example, at least one of aluminum (Al), an
aluminum copper alloy (Al—Cu), copper (Cu), silver (Ag),
or gold (Au). By using such a material having a relatively
small electrical resistance as the lower electrode 204 and the
upper electrode 212, the current can be caused to flow
ciliciently 1n the sensor portion 50A. The lower electrode
204 and the upper electrode 212 include nonmagnetic mate-
rials.

The lower electrode 204 and the upper electrode 212 may
include, for example, a foundation layer (not illustrated) for
the lower electrode 204 and the upper electrode 212, a
capping layer (not illustrated) for the lower electrode 204
and the upper electrode 212, and a layer of at least one of Al.
Al—Cu, Cu. Ag, or Au provided between the foundation
layer and the capping layer. For example, the lower elec-
trode 204 and the upper electrode 212 include tantalum
(Ta)/copper (Cu)/tantatum (Ta), etc. For example, by using
Ta as the foundation layer of the lower electrode 204 and the
upper electrode 212, the adhesion between the substrate
(e,g., a film) and the lower electrode 204 and between the
substrate and the upper electrode 212 improves. Titanium
(‘T1), titanium nitride (TiN), etc., may be used as the foun-
dation layer for the lower electrode 204 and the upper
clectrode 212.

By using Ta as the capping layer of the lower electrode
204 and the upper electrode 212, the oxidization of the
copper (Cu), etc., under the capping layer 1s suppressed.
Titanium (11), titanium nitride (T1N), etc., may be used as
the capping layer for the lower electrode 204 and the upper
clectrode 212.

The foundation layer 205 includes, for example, a stacked
structure including a builer layer (not 1llustrated) and a seed
layer (not 1llustrated). For example, the bufler layer relaxes
the roughness of the surfaces of the lower electrode 204, the
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f1lm, etc., and improves the crystallinity of the layers stacked
on the bufler layer. For example, at least one selected from
the group consisting of tantalum (Ta), titanium (T1), vana-
dium (V), tungsten (W), zirconium (Zr), hatnium (Hif), and
chrome (Cr) 15 used as the buller layer. An alloy that includes
at least one material selected from these materials may be
used as the bufler layer.

It 1s favorable for the thickness of the bufler layer of the
foundation layer 203 to be not less than 1 nm and not more
than 10 nm. It 1s more favorable for the thickness of the
bufler layer to be not less than 1 nm and not more than 5 nm.
In the case where the thickness of the buller layer 1s too thin,
the bullering eflect 1s lost. In the case where the thickness of
the buller layer 1s too thick, the thickness of the sensor
portion 50A becomes excessively thick. The seed layer 1s
formed on the butler layer; and, for example, the seed layer
has a buflering eflect. In such a case, the bufler layer may be
omitted. The bufler layer includes, for example, a Ta layer
having a thickness of 3 nm.

The seed layer of the foundation layer 205 controls the
crystal orientation of the layers stacked on the seed layer.
The seed layer controls the crystal grain size of the layers
stacked on the seed layer. As the seed layer, a metal having
a Icc structure (face-centered cubic structure), a hep struc-
ture (hexagonal close-packed structure), a bcc structure
(body-centered cubic structure), or the like 1s used.

For example, the crystal orientation of the spin-valve film
on the seed layer can be set to the fcc (111) orientation by
using, as the seed layer of the foundation layer 2035, ruthe-
nium (Ru) having a hcp structure, NiFe having a fcc
structure, or Cu having a fcc structure. The seed layer
includes, for example, a Cu layer having a thickness of 2 nm
or a Ru layer having a thickness of 2 nm. To increase the
crystal orientation of the layers formed on the seed layer, 1t
1s favorable for the thickness of the seed layer to be not less
than 1 nm and not more than 5 nm. It 1s more favorable for
the thickness of the seed layer to be not less than 1 nm and
not more than 3 nm. Thereby, the function as a seed layer
that improves the crystal orientation is realized sufliciently.

On the other hand, for example, the seed layer may be
omitted in the case where 1t 1s unnecessary for the layers
formed on the seed layer to have a crystal orientation (e.g.,
in the case where an amorphous free magnetic layer 1is
formed, etc.). For example, a Cu layer having a thickness of
2 nm 1s used as the seed layer.

For example, the pinning layer 206 provides unidirec-
tional anmisotropy to the second magnetization reference
layer 207 (the ferromagnetic layer) formed on the pinning
layer 206 and fixes the magnetization of the second mag-
netization reference layer 207. The pinning layer 206
includes, for example, an antiferromagnetic layer. The pin-
ning layer 206 includes, for example, at least one selected
from the group consisting of Ir—Mn, Pt—Mn, Pd—Pt—
Mn, Ru—Mn, Rh—Mn, Ru—Rh—Mn, Fe—Mn, Ni—Mn,
Cr—Mn—Pt, and N1—O. An alloy may be used 1n which an
added element 1s further added to the at least one selected
from the group consisting of Ir—Mn, Pt—Mn, Pd—Pt—
Mn, Ru—Mn, Rh—Mn, Ru—Rh—Mn, Fe—Mn, Ni—Mn,
Cr—Mn—Pt, and N1—O. The thickness of the pinming layer
206 1s set appropriately. Thereby, for example, umdirec-
tional anisotropy of suflicient strength 1s provided.

For example, heat treatment 1s performed while applying
a magnetic field. Thereby, for example, the magnetization of
the ferromagnetic layer contacting the pinming layer 206 1s
fixed. The magnetization of the ferromagnetic layer contact-
ing the pinning layer 206 1s fixed in the direction of the
magnetic field applied 1n the heat treatment. For example,
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the heat treatment temperature (the annealing temperature)
1s not less than the magnetization pinning temperature of the
antiferromagnetic material included in the pinning layer
206. In the case where an antiferromagnetic layer including
Mn 1s used, there are cases where the MR ratio decreases due
to the Mn diffusing into layers other than the pinning layer
206. It 1s desirable for the heat treatment temperature to be
set to be not more than the temperature at which the
diffusion of Mn occurs. The heat treatment temperature 1is,
for example, not less than 200° C. and not more than 500°
C. Favorably, the heat treatment temperature 1s, for example,
not less than 250° C. and not more than 400° C.

In the case where PtMn or PdPtMn 1s used as the pinning,
layer 206, 1t 1s favorable for the thickness of the pinning
layer 206 to be not less than 8 nm and not more than 20 nm.
It 1s more favorable for the thickness of the pinning layer
206 to be not less than 10 nm and not more than 15 nm. In
the case where IrMn 1s used as the pinning layer 206,
unidirectional anisotropy can be provided using a thickness
that 1s thinner than the case where PtMn i1s used as the
pinning layer 206. In such a case, 1t 1s favorable for the
thickness of the pinning layer 206 to be not less than 4 nm
and not more than 18 nm. It 1s more favorable for the
thickness of the pinning layer 206 to be not less than 5 nm
and not more than 15 nm. The pinming layer 206 includes,
for example, an Ir,,Mn-. layer having a thickness of 7 nm.

A hard magnetic layer may be used as the pinmng layer
206. For example, Co—Pt, Fe—Pt, Co—Pd, Fe—Pd, etc.,
may be used as the hard magnetic layer. For example, the
magnetic anisotropy and the coercivity are relatively high
for these materials. These maternials are hard magnetic
materials. An alloy in which an added element 1s further
added to Co—Pt, Fe—Pt, Co—Pd, or Fe—Pd may be used
as the pinning layer 206. For example, CoPt (the proportion
of Co being not less than 50 at. % and not more than 85 at.
%), (Co,Ptigo_1)100-,Cr,, (X being not less than 50 at. % and
not more than 85 at. %, and v being not less than O at. % and
not more than 40 at. %). FePt (the proportion of Pt being not
less than 40 at. % and not more than 60 at. %), etc., may be
used.

The second magnetization reference layer 207 includes,
for example, a Co_ Fe,,,_, alloy (x being not less than 0O at.
% and not more than 100 at. %) or a N1 Fe,,,_, alloy (x
being not less than O at. % and not more than 100 at. %).
These materials may include a material to which a nonmag-
netic element 1s added. For example, at least one selected
from the group consisting of Co, Fe, and N1 15 used as the
second magnetization reference layer 207. An alloy that
includes at least one material selected from these materials
may be used as the second magnetization reference layer
207. Also, a (Co,Fe go_,)100_,B, alloy (x being not less than
0 at. % and not more than 100 at. %, and y being not less
than O at. % and not more than 30 at. %) may be used as the
second magnetization reference layer 207. By using an
amorphous alloy of (Co,Fe qo_,)100-,8B,, as the second
magnetization reference layer 207, the fluctuation of the
characteristics of the sensor portion 50A can be suppressed
even 1n the case where the sizes of the sensor portions are
small.

For example, 1t 1s favorable for the thickness of the second
magnetization reference layer 207 to be not less than 1.5 nm
and not more than 5 nm. Thereby, for example, the strength
of the unmidirectional anisotropic magnetic field due to the
pinning layer 206 can be stronger. For example, the strength
of the antiferromagnetic coupling magnetic field between
the second magnetization reference layer 207 and the first
magnetization reference layer 209 via the magnetic coupling,
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layer formed on the second magnetization reference layer
207 can be stronger. For example, 1t 1s favorable for the
magnetic thickness (the product of the saturation magneti-
zation and the thickness) of the second magnetization ret-
erence layer 207 to be substantially equal to the magnetic
thickness of the first magnetization reference layer 209.

The saturation magnetization of the thin film of
Co,Fe B, 15 about 1.9 T (teslas). For example, 1n the case
where a Co, Fe, B, layer having a thickness of 3 nm 1s
used as the first magnetization reference layer 209, the
magnetic thickness of the first magnetization reference layer
209 15 1.9 Tx3 nm, 1.e., 5.7 Tnm. On the other hand, the
saturation magnetization of Co-.Fe,. 1s about 2.1 T. The
thickness of the second magnetization reference layer 207 to
obtain a magnetic thickness equal to that recited above 1s 5.7
Tnm/2.1 T, 1.e., 2.7 nm. In such a case, 1t 1s favorable for a
Co,.Fe,. layer having a thickness of about 2.7 nm to be
included 1n the second magnetization reference layer 207.
For example, a Co,.Fe,. layer having a thickness of 2.5 nm
1s used as the second magnetization reference layer 207.

In the sensor portion 50A, a synthetic pinned structure
made of the second magnetization reference layer 207, the
magnetic coupling layer 208, and the first magnetization
reference layer 209 1s used. A single pinned structure made
of one magnetization reference layer may be used instead. In
the case where the single pinned structure 1s used, for
example, a Co,,Fe, B, layer having a thickness of 3 nm 1s
used as the magnetization reference layer. The same material
as the second magnetization reference layer 207 described
above may be used as the ferromagnetic layer included in the
magnetization reference layer having the single pinned
structure.

The magnetic coupling layer 208 causes antiferromag-
netic coupling to occur between the second magnetization
reference layer 207 and the first magnetization reference
layer 209. The magnetic coupling layer 208 has a synthetic
pinned structure. For example, Ru 1s used as the material of
the magnetic coupling layer 208. For example, 1t 1s favorable
for the thickness of the magnetic coupling layer 208 to be
not less than 0.8 nm and not more than 1 nm. A material
other than Ru may be used as the magnetic coupling layer
208 1f the material causes suflicient antiferromagnetic cou-
pling to occur between the second magnetization reference
layer 207 and the first magnetization reference layer 209.
For example, the thickness of the magnetic coupling layer
208 1s set to be a thickness not less than 0.8 nm and not more
than 1 nm corresponding to the second peak (2nd peak) of
RKKY (Ruderman-Kittel-Kasuya-Yosida) coupling. Fur-
ther, the thickness of the magnetic coupling layer 208 may
be set to be a thickness not less than 0.3 nm and not more
than 0.6 nm corresponding to the first peak (1st peak) of
RKKY coupling. For example, Ru having a thickness of 0.9
nm 1s used as the material of the magnetic coupling layer
208. Thereby, highly reliable coupling 1s obtained more
stably.

The magnetic layer that 1s included in the first magneti-
zation reference layer 209 contributes directly to the MR
ellect. For example, a Co—Fe—B alloy 1s used as the first
magnetization reference layer 209. Specifically, a
(Co.Fe po_r)100-,B, alloy (x being not less than 0 at. % and
not more than 100 at. %, and y being not less than 0 at. %
and not more than 30 at. %) may be used as the first
magnetization reference layer 209. For example, the fluc-
tuation between the elements caused by crystal grains can be
suppressed even in the case where the size of the sensor
portion S0A is small by using a (Co,Fe, o5_.),00_,B, amor-
phous alloy as the first magnetization reference layer 209.
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The layer (e.g., a tunneling insulating layer (not 1illus-
trated)) that 1s formed on the first magnetization reference
layer 209 may be planarized. The defect density of the
tunneling insulating layer can be reduced by planarizing the
tunneling insulating layer. Thereby, a higher MR ratio 1s
obtained with a lower resistance per area. For example, 1n
the case where MgO 1s used as the material of the tunneling,
insulating layer, the (100) orientation of the MgO layer that
1s formed on the tunneling msulating layer can be strength-
ened by using a (Co,Fe,oo_,)100-,B, amorphous alloy as the
first magnetization reference layer 209. A higher MR ratio 1s
obtained by increasing the (100) orientation of the MgO
layer. The (Co,Fe q0_,)100-,8, alloy crystallizes using the
(100) plane of the MgO layer as a template when annealing.
Therefore, good crystal conformation between the MgO and
the (Co,Fe, 4o_,)100-,8, alloy 1s obtained. A higher MR ratio
1s obtained by obtaining good crystal conformation.

Other than the Co—Fe—B alloy, for example, an FeCo
alloy may be used as the first magnetization reference layer
209.

A higher MR ratio 1s obtained as the thickness of the first
magnetization reference layer 209 increases. For example, a
larger fixed magnetic field 1s obtained as the thickness of the
first magnetization reference layer 209 decreases. A trade-ofl
relationship between the MR ratio and the fixed magnetic
field exists for the thickness of the first magnetization
reference layer 209. In the case where the Co—Fe—B alloy
1s used as the first magnetization reference layer 209, 1t 1s
tavorable for the thickness of the first magnetization refer-
ence layer 209 to be not less than 1.5 nm and not more than
5 nm. It 1s more favorable for the thickness of the first
magnetization reference layer 209 to be not less than 2.0 nm
and not more than 4 nm.

Other than the materials described above, the first mag-
netization reference layer 209 may include a Co,,Fe,, alloy
having a fcc structure, Co having a hcp structure, or a Co
alloy having a hcp structure. For example, at least one
selected from the group consisting of Co, Fe, and Ni 1s used
as the first magnetization reference layer 209. An alloy that
includes at least one material selected from these materials
may be used as the first magnetization reference layer 209.
For example, a higher MR ratio 1s obtained by using an FeCo
alloy material having a bcc structure, a Co alloy having a
cobalt composition of 50% or more, or a material (a Ni
alloy) having a N1 composition of 50% or more as the {first
magnetization reference layer 209.

For example, a Heusler magnetic alloy layer such as
Co,MnGe, Co,FeGe, Co.MnSi1, Co,FeSi, Co,MnAl,
Co,FeAl, Co,MnGa, :Ge, ., Co,FeGa, . Ge, ., etc., also
may be used as the first magnetization reference layer 209.
For example, a Co,Fe, B, layer having a thickness of 3
nm may be used as the first magnetization reference layer
209.

For example, the intermediate layer 203 breaks the mag-
netic coupling between the first magnetization reference
layer 209 and the free magnetic layer 210.

For example, the material of the intermediate layer 203
includes a metal, an insulator, or a semiconductor. For
example, Cu, Au, Ag, or the like 1s used as the metal. In the
case where a metal 1s used as the intermediate layer 203, the
thickness of the intermediate layer 1s, for example, not less
than about 1 nm and not more than about 7 nm. For example,
magnesium oxide (MgQO, etc.), aluminum oxide (Al,O,,
etc.), titantum oxide (110, etc.), zinc oxide (ZnO, etc.),
gallium oxide (Ga—O0), or the like 1s used as the 1nsulator
or the semiconductor. In the case where the isulator or the
semiconductor 1s used as the intermediate layer 203, the
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thickness of the intermediate layer 203 1s, for example, not
less than about 0.6 nm and not more than about 2.5 nm. For
example, a CCP (Current-Confined-Path) spacer layer may
be used as the mtermediate layer 203. In the case where a
CCP spacer layer 1s used as the spacer layer, for example, a
structure 1s used 1n which a copper (Cu) metal path 1s formed
inside an insulating layer of aluminum oxide (Al,O,). For
example, a MgO layer having a thickness of 1.6 nm 1s used
as the intermediate layer.

The free magnetic layer 210 includes a ferromagnet
material. For example, the free magnetic layer 210 includes
a ferromagnet material including Fe, Co, and Ni. For
example, an FeCo alloy, a NiFe alloy, or the like 1s used as
the material of the free magnetic layer 210. The free mag-
netic layer 210 may include a Co—Fe—B alloy, an Fe—
Co—S1—B alloy, an Fe—Ga alloy having a large As (mag-
netostriction constant), an Fe—Co—Ga alloy, a Th-M-Fe
alloy, a Th-M1-Fe-M2 alloy, an Fe-M3-M4-B alloy, Ni,
Fe—Al, ferrite, etc. For example, the As (the magnetostric-
tion constant) 1s large for these materials. In the Th-M-Fe
alloy recited above, M1 1s at least one selected from the
group consisting of Sm, Fu, Gd, Dy, Ho, and Er. In the
Tb-M1-Fe-M2 alloy recited above, M1 1s at least on
selected from the group consisting of Sm, Eu, Gd, Dy, Ho,
and Er. M2 1s at least one selected from the group consisting
of Ti, Cr, Mr, Co, Cu, Nb, Mo, W, and Ta. In the Fe-M3-
M4-B alloy recited above, M3 1s at least one selected from
the group consisting of T1, Cr, Mn, Co, Cu, Nb, Mo, W, and
Ta. M4 1s at least one selected from the group consisting of
Ce, Pr, Nd, Sm, Tb, Dy, and Er. Fe,O,, (FeCo),0,, etc., are
examples of the ferrite recited above. The thickness of the
free magnetic layer 210 1s, for example, 2 nm or more.

The free magnetic layer 210 may include a magnetic
material including boron. The free magnetic layer 210 may
include, for example, an alloy including boron (B) and at
least one element selected from the group consisting of Fe,
Co, and Ni. The free magnetic layer 210 includes, for
example, a Co—Fe—B alloy or an Fe—B alloy. For
example, a Co, Fe, B, alloy 1s used. Ga, Al, S1, W, etc.,
may be added 1n the case where the free magnetic layer 210
includes an alloy including boron (B) and at least one
clement selected from the group consisting of Fe, Co, and
Ni1. For example, high magnetostriction 1s promoted by
adding these elements. For example, an Fe—Ga—B alloy,
an Fe—Co—Ga—2B alloy, or an Fe—Co—S1—B alloy may
be used as the free magnetic layer 210. By using such a
magnetic material containing boron, the coercivity (Hc) of
the free magnetic layer 210 1s low; and the change of the
magnetization direction for the strain 1s easy. Thereby, high
sensitivity 1s obtained.

It 1s favorable for the boron concentration (e.g., the
composition ratio of boron) of the free magnetic layer 210
to be 5 at. % (atomic percent) or more. Thereby, an amor-
phous structure 1s obtained easily. It 1s favorable for the
boron concentration of the free magnetic layer to be 35 at.
% or less. For example, the magnetostriction constant
decreases when the boron concentration 1s too high. For
example, 1t 1s favorable for the boron concentration of the
free magnetic layer to be not less than 5 at. % and not more
than 35 at. %; and 1t 1s more favorable to be not less than 10
at. % and not more than 30 at. %.

In the case where a portion of the magnetic layer of the
free magnetic layer 210 includes Fe, B, (0<y=0.3) or
(Fe X, _.),_,B, (X being Co or Ni, 0.8=z<1, and 0<y=0.3),
it 15 easy to realize both a large magnetostriction constant A
and a low coercivity. Therefore, this 1s particularly favorable
from the perspective of obtaining a high gauge factor. For
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example, Fe,B,, (4 nm) 1s used as the free magnetic layer
210. Co,Fe, B, (0.5 nm)/Fe, B,, (4 nm) may be used as
the free magnetic layer.

The free magnetic layer 210 may have a multilayered
structure. In the case where a tunneling insulating layer of
MgO 1s used as the intermediate layer 203, 1t 1s favorable to
provide a layer of a Co—Fe—B alloy at the portion of the
free magnetic layer 210 contacting the intermediate layer
203. Thereby, a high magnetoresistance eflect 1s obtained. In
such a case, a layer of a Co—Fe—B alloy 1s provided on the
intermediate layer 203; and another magnetic material that
has a large magnetostriction constant 1s provided on the
layer of the Co—Fe—B alloy. In the case where the free
magnetic layer 210 has the multilayered structure, for
example, the free magnetic layer 210 may include Co—
Fe—B (2 nm)Fe—Co—S1—B (4 nm), etc.

The capping layer 211 protects the layers provided under
the capping layer 211. The capping layer 211 includes, for
example, multiple metal layers. The capping layer 211
Includes, for example, a two-layer structure (Ta/Ru) of a Ta
layer and a Ru layer. The thickness of the Ta layer is, for
example, 1 nm; and the thickness of the Ru layer 1s, for
example, 5 nm. As the capping layer 211, another metal
layer may be provided instead of the Ta layer and/or the Ru
layer. The configuration of the capping layer 211 1s arbitrary.
For example, a nonmagnetic material 1s used as the capping
layer 211. Another material may be used as the capping layer
211 as long as the material can protect the layers provided
under the capping layer 211.

In the case where the free magnetic layer 210 includes a
magnetic material containing boron, a diffusion suppression
layer (not illustrated) of an oxide material and/or a nitride
material may be provided between the free magnetic layer
210 and the capping layer 211. Thereby, for example, the
diffusion of boron i1s suppressed. By using the diffusion
suppression layer including an oxide layer or a nitride layer,
the diffusion of the boron included in the free magnetic layer
210 can be suppressed; and the amorphous structure of the
free magnetic layer 210 can be maintained. As the oxide
material and/or the nitride material included 1n the diffusion
suppression layer, for example, an oxide material or a nitride
material including an element such as Mg, Al, S1, T1, V, Cr,
Mn, Fe, Co, N1, Cu, Zn, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Hf, Ta,
W, Sn, Cd, Ga, or the like 1s used. The diffusion suppression
layer 1s a layer that does not contribute to the magnetore-
sistance eflect. It 1s favorable for the resistance per area of
the diffusion suppression layer to be low. For example, it 1s
tavorable for the resistance per area of the diffusion sup-
pression layer to be set to be lower than the resistance per
area ol the intermediate layer that contributes to the mag-
netoresistance eflect. From the perspective of reducing the
resistance per area of the diffusion suppression layer, 1t 1s
tavorable for the diffusion suppression layer to be an oxide
or a nitride of Mg, T1, V, Zn, Sn, Cd, or Ga. The barrier
height these materials 1s low. It 1s Tavorable to use an oxide
having a strong chemical bond to suppress the diflusion of
the boron. For example, a MgO layer of 1.5 nm 1s used.
Oxynitrides are included in one of the oxide or the nitride.

In the case where the diffusion suppression layer includes
an oxide or a nitride, 1t 1s favorable for the thickness of the

diffusion suppression layer to be, for example, 0.5 nm or
more. Thereby, the diflusion suppression function of the
boron 1s realized suthiciently. It 1s favorable for the thickness
of the diffusion suppression layer to be 5 nm or less.

5

10

15

20

25

30

35

40

50

55

60

65

26

Thereby, for example, a low resistance per area 1s obtained.
It 1s favorable for the thickness of the diffusion suppression
layer to be not less than 0.5 nm and not more than 5 nm; and
it 1s favorable to be not less than 1 nm and not more than 3
nm.

At least one selected from the group consisting of mag-
nesium (Mg), silicon (S1), and aluminum (Al) may be used
as the diffusion suppression layer. A material that includes
these light elements may be used as the diffusion suppres-
sion layer. These light elements produce compounds by
bonding with boron. For example, at least one of a Mg—B
compound, an Al-—B compound, or a S1—B compound 1s
formed at the portion including the interface between the
diffusion suppression layer and the free magnetic layer 210.
These compounds suppress the diffusion of boron.

Another metal layer, etc., may be inserted between the
diffusion suppression layer and the free magnetic layer 210.
In the case where the distance between the diffusion sup-
pression layer and the free magnetic layer 210 1s too long,
boron diffuses between the diffusion suppression layer and
the free magnetic layer 210; and the boron concentration in
the free magnetic layer 210 undesirably decreases. There-
fore, 1t 1s favorable for the distance between the diffusion
suppression layer and the free magnetic layer 210 to be 10
nm or less; and 1t 1s more favorable to be 3 nm or less.

FIG. 22 1s a schematic perspective view illustrating a
portion of another sensor according to the embodiment.

As shown 1n FIG. 22, other than an insulating layer 213
being provided, a sensor portion S0AA 1s similar to the
sensor portion 50A. The insulating layer 213 1s provided
between the lower electrode 204 and the upper electrode
212. The insulating layer 213 1s arranged with the free
magnetic layer 210 and the first magnetization reference
layer 209 1n a direction crossing the direction connecting the
lower electrode 204 and the upper electrode 212. Portions
other than the msulating layer 213 are similar to those of the
sensor portion 50A; and a description 1s therefore omitted.

The msulating layer 213 includes, for example, aluminum
oxide (e.g., Al,O,), silicon oxide (e.g., S10,), etc. The
leakage current of the sensor portion S0AA 1s suppressed by
the msulating layver 213. The nsulating layer 213 may be
provided in the sensor portions described below.

FIG. 23 1s a schematic perspective view illustrating a
portion of another sensor according to the embodiment.

As shown in FIG. 23, a hard bias layer 214 1s further
provided 1n a sensor portion S0AB. Otherwise, the sensor
portion S0AB 1s similar to the sensor portion S0A. The hard
bias layer 214 1s provided between the lower electrode 204
and the upper electrode 212. The free magnetic layer 210
and the first magnetization reference layer 209 are provided
between two portions of the hard bias layer 214 1n a
direction crossing the direction connecting the lower elec-
trode 204 and the upper electrode 212. Otherwise, the sensor
portion S0AB 1s similar to the sensor portion S0AA.

The hard bias layer 214 sets the magnetization direction
of the free magnetic layer 210 by the magnetization of the
hard bias layer 214. The magnetization direction of the free
magnetic layer 210 1s set to the desired direction by the hard
bias layer 214 in a state in which pressure from the outside
1s not applied to the film.

The hard bias layer 214 includes, for example, Co—Pt,
Fe—Pt, Co—Pd, Fe—Pd, etc. For example, the magnetic
anisotropy and the coercivity are relatively high for these
materials. These materials are, for example, hard magnetic
materials. The hard bias layer 214 may include, for example,
an alloy i which an added element 1s further added to

Co—Pt, Fe—Pt, Co—Pd, or Fe—Pd. The hard bias layer
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214 may include, for example, CoPt (the proportion of Co
being not less than 50 at. % and not more than 85 at. %),
(Co. Pt 50_1)100-,Cr,, (X being not less than 50 at. % and not
more than 85 at. %, and y being not less than 0 at. % and not
more than 40 at. %). FePt (the proportion of Pt being not less
than 40 at. % and not more than 60 at. %), etc. In the case
where such a matenial 1s used, by applying an external
magnetic field that 1s larger than the coercivity of the hard
bias layer 214, the direction of the magnetization of the hard
bias layer 214 1s set (fixed) in the direction 1 which the
external magnetic field 1s applied. The thickness of the hard
bias layer 214 (e.g., the length along the direction from the
lower electrode 204 toward the upper electrode) 1s, for
example, not less than 5 nm and not more than 50 nm.

In the case where the insulating layer 213 1s provided
between the lower electrode 204 and the upper electrode
212, S10_ or AlO_ 1s used as the material of the msulating
layer 213. A not-illustrated foundation layer may be further
provided between the insulating layer 213 and the hard bias
layer 214. Cr, Fe—Co, or the like 1s used as the material of
the foundation layer for the hard bias layer 214 1n the case
where the hard bias layer 214 includes a hard magnetic
material such as Co—Pt, Fe—Pt, Co—Pd, Fe—Pd, etc.

The hard bias layer 214 may have a structure of being
stacked with a not-Illustrated pinning layer for the hard bias
layer. In such a case, the direction of the magnetization of
the hard bias layer 214 can be set (fixed) by the exchange
coupling of the hard bias layer 214 and the pinning layer for
the hard bias layer. In such a case, the hard bias layer 214
includes a ferromagnetic material of at least one of Fe, Co,
or N1 or an alloy including at least one type of these
clements. In such a case, the hard bias layer 214 includes, for
example, a Co_ Fe,,,_. alloy (x being not less than 0 at. %
and not more than 100 at. %), a N1 Fe,,,_, alloy (x being not
less than O at. % and not more than 100 at. %), or a material
in which a nonmagnetic element 1s added to these alloys. A
material that 1s similar to the first magnetization reference
layer 209 recited above 1s used as the hard bias layer 214.
The pinming layer for the hard bias layer includes a material
similar to the pinning layer 206 inside the sensor portion
50A recited above. In the case where the pinning layer for
the hard bias layer 1s provided, a foundation layer similar to
the material included in the foundation layer 205 may be
provided under the pinning layer for the hard bias layer. The
pinning layer for the hard bias layer may be provided at a
lower portion or at an upper portion of the hard bias layer.
In such a case, the magnetization direction of the hard bias
layer 214 1s determined by heat treatment 1n a magnetic field
similarly to the pinning layer 206.

The hard bias layer 214 and the insulating layer 213
recited above are applicable to any sensor portion according
to the embodiment. By usmg the stacked structure of the
hard bias layer 214 and the pinning layer for the hard bias
layer, the orientation of the magnetization of the hard bias
layer 214 can be maintained easily even when a large
external magnetic field 1s applied to the hard bias layer 214
for a short period of time.

FIG. 24 1s a schematic perspective view 1llustrating a
portion of another sensor according to the embodiment.

In a sensor portion 50B as shown 1n FIG. 24, the lower
clectrode 204, the foundation layer 203, the free magnetic
layer 210, the intermediate layer 203, the first magnetization
reference layer 209, the magnetic coupling layer 208, the
second magnetization reference layer 207, the pinning layer
206, the capping layer 211, and the upper electrode 212 are
stacked 1n order. The sensor portion 50B 1s, for example, a
top spin-valve type.
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The foundation layer 205 includes, for example, a stacked
film of tantalum and copper (Ta/Cu). The thickness (the
length 1n the Z-axis direction) of the Ta layer 1s, for example,
3 nm. The thickness of the Cu layer 1s, for example, 5 nm.
The {free magnetic layer 210 includes, for example,
Co,Fe . B,, having a thickness of 4 nm. The intermediate
layer 203 1includes, for example, a MgO layer having a
thickness of 1.6 nm. The first magnetization reference layer
209 includes, for example, Co,.Fe,,B,,/Fe.,Co.,. The
thickness of the Co,.Fe B, layer 1s, for example, 2 nm.
The thickness of the Fe.,Co, layer 1s, for example, 1 nm.
The magnetic coupling layer 208 includes, for example, a
Ru layer having a thickness of 0.9 nm. The second magne-
tization reference layer 207 includes, for example, a
Co,-Fe, - layer having a thickness of 2.5 nm. The pinning
layer 206 includes, for example an IrMn-layer havmg

thickness of 7 nm. The capping layer 211 includes, for
example, Ta/Ru. The thickness of the Ta layer i1s, for
example, 1 nm. The thickness of the Ru layer is,, for

example, 5 nm.

The materials of the layers included in the sensor portion
50B may be the vertically-inverted matenials of the layers
included in the sensor portion 50A. The diffusion suppres-
sion layer recited above may be provided between the
foundation layer 205 and the free magnetic layer 210 of the
sensor portion 50B.

FIG. 25 1s a schematic perspective view illustrating a
portion of another sensor according to the embodiment.

In a sensor portion 50C as shown in FIG. 25, the lower
clectrode 204, the foundation layer 205, the pinming layer
206, the first magnetization reference layer 209, the inter-
mediate layer 203, the free magnetic layer 210, and the
capping layer 211 are stacked in this order. For example, the
sensor portion 50C has a single pinned structure that uses a
single magnetization reference layer.

The foundation layer 205 includes, for example, Ta/Ru.
The thickness (the length 1n the Z-axis direction) of the Ta
layer 1s, for example, 3 nm. The thickness of the Ru layer 1s,
for example, 2 nm. The pinning layer 206 includes, for
example, an IrMn-layer having a thickness of 7 nm. The first
magnetization reference layer 209 includes, for example, a
Co,Fe,B,, layer having a thickness of 3 nm. The inter-
mediate layer 203 1includes, for example, a MgO layer
having a thickness of 1.6 nm. The free magnetic layer 210
includes, for example, Co,Fe, - B,, having a thickness of 4
nm. The capping layer 211 includes, for example, Ta/Ru.
The thickness of the Ta layer 1s, for example, 1 nm. The
thickness of the Ru layer 1s, for example, 5 nm.

For example, materials similar to the materials of the
layers of the sensor portion S0A are used as the materials of
the layers of the sensor portion 50C.

FIG. 26 1s a schematic perspective view 1llustrating a
portion of another sensor according to the embodiment.

In a sensor portion 50D as shown in FIG. 26, the lower
clectrode 204, the foundation layer 205, a lower pinning
layer 221, a lower second magnetization reference layer 222,
a lower magnetic coupling layer 223, a lower first magne-
tization reference layer 224, a lower intermediate layer 225,
a free magnetic layer 226, an upper intermediate layer 227,
an upper lirst magnetization reference layer 228, an upper
magnetic coupling layer 229, an upper second magnetization
reference layer 230, an upper pinning layer 231, and the
capping layer 211 are stacked 1n order.

The foundation layer 205 includes, for example, Ta/Ru.
The thickness (the length 1n the Z-axis direction) of the Ta
layer 1s, for example, 3 nanometers (nm). The thickness of
the Ru layer 1s, for example, 2 nm. The lower pinning layer
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221 includes, for example, an IrMn-layer having a thickness
of 7 nm. The lower second magnetization reference layer
222 includes, for example, a Co,.Fe, . layer having a thick-
ness of 2.5 nm. The lower magnetic coupling layer 223
includes, for example, a Ru layer having a thickness of 0.9
nm. The lower first magnetization reference layer 224
includes, for example, a Co,,Fe. . B,, layer having a thick-
ness of 3 nm. The lower intermediate layer 225 includes, for
example, a MgO layer having a thickness of 1.6 nm. The free
magnetic layer 226 includes, for example, Co,Fe B,
having a thickness of 4 nm. The upper intermediate layer
227 includes, for example, a MgO layer having a thickness
of 1.6 nm. The upper first magnetization reference layer 228
includes, for example, Co,.Fe, B,,/Fe.,Co.,. The thick-
ness of the Co,,Fe, B,, layer 1s, for example, 2 nm. The
thickness of the Fe.,Co., layer 1s, for example, 1 nm. The
upper magnetic coupling layer 229 includes, for example, a
Ru layer having a thickness of 0.9 nm. The upper second
magnetization reference layer 230 includes, for example, a
Co,.Fe,. layer having a thickness of 2.5 nm. The upper
pinning layer 231 includes, for example, an IrMn-layer
having a thickness of 7 nm. The capping layer 211 includes,
for example, Ta/Ru. The thickness of the Ta layer 1s, for
example, 1 nm. The thickness of the Ru layer 1s, for
example, 5 nm.

For example, materials similar to the materials of the
layers of the sensor portion S0A are used as the materials of
the layers of the sensor portion 50D.

FIG. 27 1s a schematic perspective view illustrating a
portion of another sensor according to the embodiment.

In a sensor portion 50FE as shown in FIG. 27, the lower
clectrode 204, the foundation layer 205, a first free magnetic
layer 241, the intermediate layer 203, a second free magnetic
layer 242, the capping layer 211, and the upper electrode 212
are stacked in this order.

The foundation layer 2035 includes, for example, Ta/Cu.
The thickness (the length 1n the Z-axis direction) of the Ta
layer 1s, for example, 3 nm. The thickness of the Cu layer 1s,
for example, 5 nm. The first free magnetic layer 241
includes, for example, Co,,Fe, B, having a thickness of 4
nm. The intermediate layer 203 includes, for example,
Co,Fe B, having a thickness of 4 nm. The capping layer
211 1includes, for example, Cu/Ta/Ru. The thickness of the
Cu layer 1s, for example, 5 nm. The thickness of the Ta layer
1s, for example, 1 nm. The thickness of the Ru layer 1s, for
example, 5 nm.

Materials similar to the matenals of the layers of the
sensor portion 50A are used as the materials of the layers of
the sensor portion 50E. For example, materials similar to
those of the free magnetic layer 210 of the sensor portion
50A may be used as the materials of the first free magnetic
layer 241 and the second free magnetic layer 242.

Fourth E

Embodiment

FIG. 28A to FIG. 28C are schematic views 1illustrating a
sensor according to a fourth embodiment.

FIG. 28A 1s a block diagram. FIG. 28B and FIG. 28C
illustrate the signal.

As shown 1n FIG. 28A, the sensor 110a according to the
embodiment includes the drive power source 41D and a
differential circuit unit 41C 1n addition to the first film 71,
the sensors (the first sensor portion 51, the second sensor
portion 52, the third sensor portion 53, etc.), the first element
portion 41, and the controller 60. The portions other than the
drive power source 41D and the differential circuit unit 41C
are similar to the sensor 110; and a description 1s therefore
omitted.
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The drive power source 41D 1s connected to the first
clement portion 41. For example, a signal 1s supplied to the
first element portion 41 from the drive power source 41D.

FIG. 28B and FIG. 28C illustrate the signal output from
the drive power source 41D. In these figures, the horizontal
axis 1s time t. The vertical axis 1s the strength of a signal
Vsig. As shown in FIG. 28B, an alternating voltage 1s output
as the signal Vsig from the drive power source 41D. For
example, the frequency of the signal Vsig corresponds to an
ultrasonic wave. The signal Vsig 1s, for example, an alter-
nating voltage having the first voltage V1 as the center. Such
a signal Vsig 1s applied to the first element portion 41. As
shown 1n FIG. 28C, the alternating voltage may be output 1n
a pulse form.

The first element portion 41 causes the first film 71 to
oscillate based on the signal Vsig. Thereby, the electrical
resistance Rs of the first sensor portion 51 oscillates. The
frequency of the alternating current at which the amplitude
of the electrical resistance Rs 1s the widest 1s the resonant
frequency. For example, the oscillation 1s caused at the
resonant frequency. Thereby, for example, an ultrasonic
wave 1s generated. The ultrasonic wave that 1s generated 1s
reflected by an object; and the reflected wave reaches the
first film 71. At the first film 71, an oscillation 1s generated
by the reflected wave 1n addition to the oscillation based on
the signal Vsig. The electrical resistance Rs of the sensor
portion (e.g., the first sensor portion 51) changes based on

the two oscillations. The object can be sensed based on the
difference between the two oscillations.

For example, the output (the signal Vsig) from the drnive
power source 41D and the output from the first sensor
portion 51 are input to the differential circuit unit 41C. The
differential circuit umt 41C outputs, as the output So, a
signal corresponding to the difference between these
input6s.

For example, the sensor 110A can be used as an “ultra-
sonic sensor.” For example, the first element portion 41
causes the first film 71 to oscillate. For example, the first
clement portion 41 may function as an ultrasonic wave
generator. For example, the first sensor portion 51 functions
as an ultrasonic wave receiver. A highly-sensitive ultrasonic
sensor can be provided.

In the sensor 110A, a direct current voltage may be output
from the drive power source 41D; and the direct current
voltage may be applied to the first element portion 41. By the
direct current voltage, the stress Pc may be applied to the
first film 71 from the first element portion 41. The direct
current voltage 1s a bias voltage.

FIG. 29 1s a schematic view illustrating a sensor according,
to the fourth embodiment.

As shown 1n FIG. 29, the drive power source 41D and the
differential circuit unit 41C are provided 1n the sensor 1108
as well. Otherwise, for example, the configuration described
in reference to FIG. 4A 1s applied.

FIG. 30 1s a schematic view illustrating a sensor according,
to the fourth embodiment.

As shown in FIG. 30, the drive power source 41D and the
differential circuit unit 41C are provided in the sensor 111a
as well. Otherwise, for example, the configuration of the
sensor 111a described 1n reference to FIG. 8 1s applied.

FIG. 31 1s a schematic view illustrating a sensor according,
to the fourth embodiment.

As shown 1n FIG. 31, the drive power source 41D and the
differential circuit unit 41C are provided 1n the sensor 123 A
as well. Otherwise, for example, the configuration of the
sensor 123 described 1n reference to FIG. 135 1s applied.
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In the sensors 110B, 111 A, and 123 A as well, for example,
the alternating voltage having the first voltage V1 as the
center 1s applied to the first element portion 41 by the drive
power source 41D. Accordingly, the first film 71 oscillates;
and the electrical resistance Rs of the first sensor portion 51
oscillates. The frequency of the alternating current at which
the amplitude of the electrical resistance Rs 1s the widest 1s
the resonant frequency. For example, the sensor can be used
as an “‘ultrasonic sensor” by causing oscillations at the
resonant frequency. For example, the first element portion
41 tunctions as an ultrasonic wave generator causing the first
film 71 to oscillate. For example, the first sensor portion 51
senses the reflected wave of the ultrasonic wave generated
by the oscillation of the first film 71. The first sensor portion
51 1s used as an ultrasonic wave receiver. A highly-sensitive
ultrasonic sensor can be provided.

The drive power source 41D and the differential circuit

unit 41C also may be provided 1n the sensors 110a to 110c¢,
111, 112q to 112/, 113, 114, 120, 120qa, 121, 1214, 122, efc.

Fifth Embodiment

The embodiment relates to an electronic device. The
clectronic device includes, for example, a sensor according
to the embodiments recited above or a sensor of a modifi-
cation of the embodiments. The electronic device includes,
for example, an information terminal. The mnformation ter-
minal includes a recorder, etc. The electronic device
includes a microphone, a blood pressure sensor, a touch
panel, eftc.

FIG. 32 1s a schematic view illustrating the electronic
device according to the fifth embodiment.

As shown 1n FIG. 32, an electronic device 750 according
to the embodiment 1s, for example, an information terminal
710. For example, a microphone 610 i1s provided in the
information terminal 710.

The microphone 610 includes, for example, a sensor 310.
For example, the first film 71 1s substantially parallel to the
surface of the information terminal 710 where a display unit
620 1s provided. The arrangement of the first film 71 1s
arbitrary. Any sensor described in reference to the first
embodiment, the second embodiment, and the {fourth
embodiment 1s applicable to the sensor 310.

FIG. 33A and FIG. 33B are schematic cross-sectional
views 1llustrating the electronic device according to the fifth
embodiment.

As shown 1in FIG. 33A and FIG. 33B, the electronic
device 750 (e.g., a microphone 370 (an acoustic micro-
phone)) mncludes a housing 360, a cover 362, and the sensor
310. The housing 360 includes, for example, a substrate 361
(e.g., a printed circuit board) and a cover 362. The substrate
361 includes, for example, a circuit such as an amplifier, etc.

An acoustic hole 325 i1s provided in the housing 360 (at
least one of the substrate 361 or the cover 362). In the
example shown in FIG. 33B, the acoustic hole 325 is
provided 1n the cover 362. In the example shown 1n FIG.
33B, the acoustic hole 325 1s provided in the substrate 361.
Sound 329 passes through the acoustic hole 325 and enters
the interior of the cover 362. The microphone 370 responds
to the sound pressure.

For example, the sensor 310 1s placed on the substrate
361; and clectrical signal lines (not illustrated) are provided.
The cover 362 1s provided to cover the sensor 310. The
housing 360 1s provided around the sensor 310. At least a
portion of the sensor 310 1s provided inside the housing 360.
For example, the first sensor portion 51 and the first film 71
are provided between the substrate 361 and the cover 362.
For example, the sensor 310 1s provided between the sub-
strate 361 and the cover 362.
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FIG. 34A and FIG. 34B are schematic views 1llustrating
another electronic device according to the fifth embodiment.

In the example of these drawings, the electronic device
750 1s a blood pressure sensor 330. FIG. 34 A 1s a schematic
plan view illustrating skin on an arterial vessel of a human.
FIG. 34B 1s a line H1-H2 cross-sectional view of FIG. 34A.

The sensor 310 1s used as a sensor 1n the blood pressure
sensor 330. The sensor 310 contacts skin 333 on an arterial
vessel 331. Thereby, the blood pressure sensor 330 can
continuously perform blood pressure measurements.

FIG. 35 15 a schematic view 1llustrating another electronic
device according to the fifth embodiment.

In the example of the drawing, the electronic device 750
1s a touch panel 340. In the touch panel 340, the sensors 310
are provided 1n at least one of the interior of the display or
the exterior of the display.

For example, the touch panel 340 includes multiple first
interconnects 346, multiple second interconnects 347, the
multiple sensors 310, and a control circuit 341.

In the example, the multiple first interconnects 346 are
arranged along the Y-axis direction. Each of the multiple first
interconnects 346 extends along the X-axis direction. The
multiple second interconnects 347 are arranged along the
X-axis direction. Each of the multiple second interconnects
347 extends along the Y-axis direction.

The multiple sensors 310 are provided respectively at the
crossing portions between the multiple first interconnects
346 and the multiple second interconnects 347. One sensor
310 1s used as one sensing component Es for sensing. The
crossing portion mcludes the position where the first inter-
connect 346 and the second interconnect 347 cross and
includes the region at the periphery of the position.

One end E1 of each of the multiple sensors 310 1s
connected to one of the multiple first interconnects 346. One
other end E2 of each of the multiple sensors 310 1s con-
nected to one of the multiple second interconnects 347.

The control circuit 341 1s connected to the multiple first
interconnects 346 and the multiple second interconnects
347. For example, the control circuit 341 includes, a first
interconnect circuit 3464 that 1s connected to the multiple
first interconnects 346, a second interconnect circuit 3474
that 1s connected to the multiple second interconnects 347,
and a control signal circuit 343 that 1s connected to the first
interconnect circuit 3464 and the second interconnect circuit
347d.

According to the fifth embodiment, an electronic device
that uses a sensor 1n which the sensitivity can be increased
can be provided.

The embodiments, for example, include the following
configurations.

(Configuration 1)

A sensor, comprising:

a first film, the first film being deformable;

a first sensor portion provided at the first film, the first
sensor portion including

a first magnetic layer,

a second magnetic layer provided between the first film

and the first magnetic layer, and

a first intermediate layer provided between the first mag-

netic layer and the second magnetic layer; and

a {irst element portion including a first piezoelectric layer
fixed to the first film.

(Configuration 2)

The sensor according to configuration 1, wherein

the first element portion has a first state and a second state,
a first signal being input in the first state, the second state
being different from the first state, and
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a shape of the first film 1n the first state 1s different from
a shape of the first film 1n the second state.

(Configuration 3)

The sensor according to configuration 2, further compris-
ing a controller being electrically connected to the first
clement portion and configured to supply the first signal to
the first element portion.

(Configuration 4)

The sensor according to configuration 4, wherein the
controller sets the first signal according to an electrical
resistance between the first magnetic layer and the second
magnetic layer.

(Configuration 5)

The sensor according to one of configurations 1 to 4,
wherein the first element portion 1s provided at the first film.
(Configuration 6)

The sensor according to one of configurations 1 to 5,
wherein the first piezoelectric layer overlaps the first film in
a first direction connecting the first film and the first sensor
portion.

(Configuration 7)

The sensor according to configuration 6, wherein at least

a portion of the first magnetic layer 1s provided between the

first film and at least a portion of the first piezoelectric layer
in the first direction.
(Configuration 8)
The sensor according to configuration 6, wherein at least
a portion of the first piezoelectric layer 1s provided between
the first film and at least a portion of the first magnetic layer
in the first direction.
(Configuration 9)
The sensor according to configuration 6, wherein at least
a portion of the first film 1s provided between at least a
portion of the first magnetic layer and at least a portion of the
first piezoelectric layer 1n the first direction.
(Configuration 10)
The sensor according to one of configurations 6 to 9,
turther comprising:
a second sensor portion provided at the first film, the
second sensor portion including
a third magnetic layer,
a fourth magnetic layer provided between the first film
and the third magnetic layer, and
a second intermediate layer provided between the third
magnetic layer and the fourth magnetic layer; and
a second element portion including a second piezoelectric
layer overlapping the first film in the first direction,
the second sensor portion being separated from the first
sensor portion 1n a second direction crossing the first direc-
tion,
the first element portion being arranged with at least a
portion of the first sensor portion 1n a third direction crossing,
the first direction and the second direction,
the second element portion being arranged with at least a
portion of the second sensor portion 1n the third direction.
(Configuration 11)
The sensor according to one of configurations 6 to 9,
turther comprising;:
a second film, the second film being deformable;
a second sensor portion provided at the second film, the
second sensor portion ncluding
a third magnetic layer,
a fourth magnetic layer provided between the second film
and the third magnetic layer, and
a second intermediate layer provided between the third
magnetic layer and the fourth magnetic layer; and
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a second element portion including a second piezoelectric
layer overlapping the second film 1n the first direction,

the second film being arranged with the first film 1n a
direction crossing the first direction,

at least a portion of the first element portion being
arranged with the first sensor portion 1n the direction cross-
ing the first direction,

at least a portion of the second element portion being
arranged with the second sensor portion in the direction
crossing the first direction.

(Configuration 12)

A sensor, comprising;:

a first film, the first film being deformable;

a first opposing film;

a first sensor portion provided at the first film, the first
sensor portion including,

a first magnetic layer,

a second magnetic layer provided between the first film

and the first magnetic layer, and

a first intermediate layer provided between the first mag-

netic layer and the second magnetic layer;

a first film electrode connected to the first film; and

a first opposing film electrode connected to the first
opposing {ilm,

the first opposing film including a portion separated from
the first film 1n a first direction, the first direction connecting,
the first film and the first sensor portion

Configuration 13)

The sensor according to configuration 12, wherein

the first film has a first state and a second state, a first
control signal being applied between the first film electrode
and the first opposing film electrode in the first state, the
second state being different from the first state, and

a shape of the first film 1n the first state 1s diflerent from
a shape of the first film 1n the second state.

(Configuration 14)

The sensor according to configuration 13, further com-
prising a controller being electrically connected to the first
film electrode and the first opposing film electrode and
configured to supply the first control signal between the first
film electrode and the first opposing film electrode.
(Configuration 15)

The sensor according to configuration 14, wherein the
controller controls the first control signal according to an
clectrical resistance between the first magnetic layer and the
second magnetic layer.

(Configuration 16)

The sensor according to one of configurations 12 to 13,
wherein

the first opposing film has at least one of

a thickness thicker than a thickness of the first film, or
an elastic modulus higher than an elastic modulus of the
first film.
(Configuration 17)
The sensor according to one of configurations 12 to 16,
wherein
the first opposing film includes:
a first matenal portion; and
a second material portion overlapping the first material
portion in the first direction and including a material
different from the first material portion.
(Configuration 18)
The sensor according to one of configurations 12 to 17,
wherein the first opposing film has a hole piercing the first
opposing {ilm in the first direction.
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(Configuration 19)

The sensor according to one of configurations 12 to 18,
turther comprising;:

a second film, the second film being deformable; and

a second sensor portion provided at the second film, the
second sensor portion including

a third magnetic layer,

a Tourth magnetic layer provided between the second film

and the third magnetic layer, and
a second intermediate layer provided between the third
magnetic layer and the fourth magnetic layer,

the first opposing film overlapping the second film 1n the
first direction.
(Configuration 20)

The sensor according to configuration 1, further compris-
ng:

a substrate; and

a Cover,

the first sensor portion and the first film being provided
between the substrate and the cover.
(Configuration 21)

An electronic device, comprising:

the sensor according to one of configurations 1 to 20; and
a housing.
(Configuration 22)
A sensor, comprising;
a first film, the first film being deformable;
a first sensor portion provided at the first film, the first
sensor portion including
a first magnetic layer,
a second magnetic layer provided between the first film
and the first magnetic layer, and
a first intermediate layer provided between the first mag-
netic layer and the second magnetic layer;
a first element portion including a first piezoelectric layer
fixed to the first film: and
a controller being electrically connected to the first ele-
ment portion and configured to supply a first signal to the
first element portion,
the first element portion having a first state and a second
state, the first signal being input 1n the first state, the second
state being different from the first state,
a shape of the first film 1n the first state being different
from a shape of the first film 1n the second state,
an electrical resistance of the first sensor portion having a
maximum value and a minimum value when a voltage
supplied to the first element portion being changed, and
the controller being configured to control the first signal
so that an electrical resistance of the first sensor portion
when the first signal 1s supplied to the first element portion
becomes an average of the maximum value and the mini-
mum value.
(Configuration 23)
A sensor; comprising:
a first film, the first film being deformable;
a first opposing film;
a first sensor portion provided at the first film, the first
sensor portion including
a first magnetic layer,
a second magnetic layer provided between the first film
and the first magnetic layer, and
a first intermediate layer provided between the first mag-
netic layer and the second magnetic layer;
a first film electrode connected to the first film;
a first opposing film electrode connected to the first
opposing film; and
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a controller being electrically connected to the first film
clectrode and the first opposing film electrode, the controller
being configured to supply a first control signal between the
first film electrode and the first opposing film electrode,

the first opposing film including a portion separated from
the first film 1n a first direction, the first direction connecting
the first film and the first sensor portion

the first film having a first state and a second state, the first
control signal being applied between the first film electrode
and the first opposing film electrode 1n the first state, the
second state being different from the first state,

a shape of the first film in the first state 1s di
a shape of the first film 1n the second state,

an electrical resistance of the first sensor portion having a
maximum value and a mimimum value when a voltage
supplied between the first film electrode and the first oppos-
ing film electrode, and

the controller being configured to control the first control
signal so that an electrical resistance of the first sensor
portion when the first control signal 1s supplied between the
first film electrode and the first opposing film electrode
becomes an average of the maximum value and the mini-
mum value.

(Configuration 24)

An electronic device, comprising:

the sensor according to one of configurations 22 or 23;
and

a housing. The “sensor” may be a “sensor device”, for
example. A configuration including the “sensor device” and
the controller can be regarded as “sensor”. The “sensor” may
include at least one of substrate and cover.

According to the embodiments, a sensor and an electronic
device 1n which the sensing precision can be increased are
provided.

In the specification of the application, “perpendicular”
and “parallel” refer to not only strictly perpendicular and
strictly parallel but also include, for example, the fluctuation
due to manufacturing processes, etc. It 1s suilicient to be
substantially perpendicular and substantially parallel.

Heremnabove, exemplary embodiments of the invention
are described with reference to specific examples. However,
the embodiments of the mvention are not limited to these
specific examples. For example, one skilled in the art may
similarly practice the invention by approprately selecting
specific configurations of components included 1n sensors
such as sensor portions, magnetic layers, conductive layers,
clectrodes, films, support portions, element portions, oppos-
ing films, controllers, etc., from known art. Such practice 1s
included 1n the scope of the mmvention to the extent that
similar eflects thereto are obtained.

Further, any two or more components of the specific
examples may be combined within the extent of technical
teasibility and are included in the scope of the invention to
the extent that the purport of the invention 1s included.

Moreover, all sensors and electronic devices practicable
by an appropriate design modification by one skilled in the
art based on the sensors and the electronic devices described
above as embodiments of the invention also are within the
scope of the mvention to the extent that the spint of the
invention 1s included.

Various other variations and modifications can be con-
ceived by those skilled 1n the art within the spirit of the
imnvention, and 1t 1s understood that such wvariations and
modifications are also encompassed within the scope of the
invention.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the mventions.

e
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Indeed, the novel embodiments described herein may be
embodied 1n a variety of other forms; furthermore, various
omissions, substitutions and changes i1n the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such
forms or modifications as would fall within the scope and
spirit of the invention.

What 1s claimed 1s:

1. A sensor, comprising:

a first film, the first film being deformable;

a first sensor portion provided at the first film, the first

sensor portion including,

a first magnetic layer,

a second magnetic layer provided between the first film
and the first magnetic layer, and

a first mtermediate layer provided between the first
magnetic layer and the second magnetic layer; and

a first element portion including a first piezoelectric layer

fixed to the first film.

2. The sensor according to claim 1, wherein

the first element portion has a first state and a second state,

a first signal being input in the first state, the second
state being different from the first state, and

a shape of the first film in the first state 1s different from

a shape of the first film 1n the second state.
3. The sensor according to claim 2, further comprising a
controller being electrically connected to the first element
portion and configured to supply the first signal to the first
clement portion.
4. The sensor according to claim 3, wherein the controller
sets the first signal according to an electrical resistance
between the first magnetic layer and the second magnetic
layer.
5. The sensor according to claim 1, wherein the first
clement portion 1s provided at the first {ilm.
6. The sensor according to claim 1, wherein the first
piezoelectric layer overlaps the first film 1n a first direction
connecting the first film and the first sensor portion.
7. The sensor according to claim 6, wherein at least a
portion of the first magnetic layer 1s provided between the
first film and at least a portion of the first piezoelectric layer
in the first direction.
8. The sensor according to claim 6, wherein at least a
portion of the first piezoelectric layer 1s provided between
the first film and at least a portion of the first magnetic layer
in the first direction.
9. The sensor according to claim 6, wherein at least a
portion of the first film 1s provided between at least a portion
of the first magnetic layer and at least a portion of the first
piezoelectric layer 1n the first direction.
10. The sensor according to claim 6, further comprising:
a second sensor portion provided at the first film, the
second sensor portion mcluding,
a third magnetic layer,
a fourth magnetic layer provided between the first film
and the third magnetic layer, and
a second intermediate layer provided between the third
magnetic layer and the fourth magnetic layer; and
a second element portion including a second piezoelectric
layer overlapping the first film in the first direction,

the second sensor portion being separated from the first
sensor portion 1 a second direction crossing the first
direction,

the first element portion being arranged with at least a

portion of the first sensor portion 1n a third direction
crossing the first direction and the second direction,
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the second element portion being arranged with at least a
portion of the second sensor portion in the third direc-
tion.

11. The sensor according to claim 6, further comprising:
a second film, the second film being deformable;

a second sensor portion provided at the second film, the
second sensor portion ncluding

a third magnetic layer,

a fourth magnetic layer provided between the second
film and the third magnetic layer, and

a second 1ntermediate layer provided between the third
magnetic layer and the fourth magnetic layer; and

a second element portion including a second piezoelectric
layer overlapping the second film in the first direction,

the second film being arranged with the first film 1n a
direction crossing the first direction,

at least a portion of the first element portion being
arranged with the first sensor portion in the direction
crossing the first direction,

at least a portion of the second element portion being
arranged with the second sensor portion in the direction
crossing the first direction.

12. A sensor comprising:
a first film, the first film being deformable;
a first opposing film;

a first sensor portion provided at the first film, the first
sensor portion mncluding,

a first magnetic layer,

a second magnetic layer provided between the first film
and the first magnetic layer, and

a first itermediate layer provided between the first
magnetic layer and the second magnetic layer;

a first film electrode connected to the first film; and

a first opposing film electrode connected to the first
opposing film,

the first opposing film including a portion separated from
the first film 1n a first direction, the first direction
connecting the first film and the first sensor portion.

13. The sensor according to claim 12, wherein

the first film has a first state and a second state, a first
control signal being applied between the first film
clectrode and the first opposing film electrode 1n the
first state, the second state being different from the first
state, and

a shape of the first film 1n the first state 1s diflerent from
a shape of the first film 1n the second state.

"y

14. The sensor according to claim 13, further comprising
a controller being electrically connected to the first film
clectrode and the first opposing film electrode and config-
ured to supply the first control signal between the first film
clectrode and the first opposing film electrode.

15. The sensor according to claim 14, wherein the con-
troller controls the first control signal according to an
clectrical resistance between the first magnetic layer and the
second magnetic layer.

16. The sensor according to claim 12, wherein

il

the first opposing film has at least one of
a thickness thicker than a thickness of the first film, or

an elastic modulus higher than an elastic modulus of
the first film.




US 10,060,818 B2

39

17. The sensor according to claim 12, wherein
the first opposing film includes:
a first material portion; and
a second material portion overlapping the first material
portion 1n the first direction and including a material
different from the first material portion.

18. The sensor according to claim 12, wherein the first
opposing film has a hole piercing the first opposing film 1n
the first direction.

19. The sensor according to claim 12, further comprising:

a second film, the second film being deformable; and

a second sensor portion provided at the second film, the

second sensor portion including

a third magnetic layer,

a fourth magnetic layer provided between the second
film and the third magnetic layer, and

a second intermediate layer provided between the third
magnetic layer and the fourth magnetic layer,
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the first opposing film overlapping the second film 1n the
first direction.
20. An electronic device, comprising:
a sensor; and
a housing,
the sensor including:
a first film, the first film being deformable;
a first sensor portion provided at the first film, the first
sensor portion including,
a first magnetic layer,
a second magnetic layer provided between the first
film and the first magnetic layer; and
a first intermediate layer provided between the first
magnetic layer and the second magnetic layer; and

a first element portion including a first piezoelectric
layer fixed to the first film.
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